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1.
Summary
In rats with respiratory arrest and one to five minutes of cardiac 
arrest three methods of cardiovascular assistance were attempted, in order 
to eventually effect resuscitation of the whole animal. One method, 
phasic abdominal compression (where a blood pressure cuff applied pressure 
to the epigastrium at a frequency of 2itO cycles per min,) plus'artificial 
respiration was successful since it restarted the hearts of 88^ (70 of 
80) of the animals. No lung or corneal damage was observed. In 
separate experiments a correlation was found between cuff pressure and 
aortic pressure given by the regression equation I O.OSX + 10,9 (r = 0.89),
In rats whose hearts were contracting normally but at a rate of only 
a few beats per minute and whose blood pressure had collapsed this.method 
als’jo produced a rise in both the rate of cardiac contraction (to 250-300 
beats per min. ) and blood pressure (to 100 2i| mm Hg),
Rats with one or five minutes of cardiac arrest were given intra- 
arterial injections of noradrenaline and phasic abdominal compression 
commensed. The blood pressure rose in ^6% (L5 of 80) of the animals (to 
90%20 mm Hg) and spontaneous respiration resumed in 57% of the animals.
Five rats were successfully weaned from the respiration pump and they all 
showed a return of the blinking reflex and four of them showed returning 
consciousness by attempting to right themselves from the supine position.
A study of various biochemical parameters showed that at cardiac arrest 
whole blood, heart and aortic lactate rose whilst whole blood PO2, heart and 
aortic ATP levels fell. Rats whose blood pressure rose after phasic 
abdominal compression showed a rise in whole blood and heart glucose
2.
suggesting that recovery was associated with a rapid release of glucose 
(presumably from glycogen) necessary to correct the low energy state of 
the animals at cardiac arrest due to anoxia.
figures 8,9>10- explinations given for the intercepts.
The regression lines illustrated in Figures 8>9> and 10 cannot be 
extrapolated to the Y axis (zero cuff pressure) because the behavior 
of the aortic and right atrial pressure and the heart rate are not 
characteristic of the regression line at that point.
reference to Figures 11 and 12.
figure 11 corrected- The arterial blood pressure fell from 162 (mean
blood pressure) to 57 mm Hg.
figure 12 corrected- Figure 12 shows a graph of the fall of heart rate
(9 rats) and mean arterial blood pressure (Ih rats) 
before and after respiratory arrest.
page 103- limitation of the duration of cardiac arrest to ii-5 minutes •
The limitation of the duration of cardiac arrest to ii-5 minutes was 
largely the arbitrary choice of the experimenter^ However it is generally 
accepted that ii-5 minutes of cardiac arrest is the maximum time allowed 
before irreversible damage occurs to the cerebral cortex, thus reducing 
the chances for complete resuscitation. Although there are exceptions 
to this rule experimenters in resuscitation usually agree on this point. 
Stephenson (197U) showed that 9it% of a group of patients successfully 
resuscitated without neurological damage were those on whom resuscitative 
measures were initiated within U minutes of cardiac arrest. Negovsky (1962), 
on the basis of his experiments with exsanguinated dpgs, sets the limit of- 
the restoration of the function of the cerebral cortex to 5-6 minutes of 
clinical death.
1.
biochemical and physiological relationships at cardiac arrest and 
following phasic abdominal compression.
I. Biochemistry and physiology at cardiac arrest.
The use of anaesthetic overdose to produce depression of respiration 
and anoxia have been discussed previously (Section 5-3.1). The PO^ at ,
cardiac arrest was near zero and the PCO2 was at least twice that 
measured in control anaesthetised animals. The blood pH was lowered 
at cardiac arrest and lactate had accumulated in bipod, heart, and aortic , 
tissues* ATP and PCr were decreased below that measured in anaesthetised 
control animals in both aortic and cardiac tissues. Glucose measured at 
cardiac arrest in blood, heart, and aorta was not significantly changed ~ 
from control values. The concentration in the plasma increased above 
control values but was decreased in cardiac tissue. The plasma Ka was - 
unchanged at cardiac arrest but was increased in cardiac tissue. Fillmore 
et al. (1970) measured PCOg, oxygen saturation and lactate in patients 
during treatment of cardiac arrest with external cardiac massage. They 
found PCO2 values in excess of 100 ram Hg and oxygen saturations near zero 
before the establishment of a functioning airway. They equated high blood 
lactate values found before airway establishment with increases in 
anaerobic glycolysis. Brantigan et al. (1972) measured POg and PCO^ in 
the myocardium of dogs with cardiac anoxia during heart-lung bypass. They 
found that intramyocardial gas tensions followed those of the coronary blood 
during anoxia. The PCO2 values gradually rose throughout the 30 minute 
anoxic period. They attributed the results to the presence of a steady 
rate of anaerobic glycolysis. It has been shown that the decrease in
work capacity of the heart associated with anoxia is proportional to 
the decrease in PGr and subsequently to a fall in ATP concentration in the 
myocardium. Scheuer and Stezoski (1968) found that ATP and PCr fell to 
50% of control in anoxic isolated rat. hearts during the first five minutes 
of anoxia. Mechanical changes (measured by left ventricular pressure 
development) were closely related to high energy phosphate alterations. 
Ventricular performance decreased as high energy phosphate concentrations 
fell. Gott et al. (1962) found that isolated normothermic dog hearts 
lost contractility markedly within the first two minutes of anoxia 
(95% Ng, 5% GOg). They equated the onset of diminished mechanical activity 
with PCr depletion and the final onset of rigor mortis in the heart with 
ATP depletion. Cooley et al. (1972) attributed the 100% fatal cardiac- . 
rigor mortis seen in their patients during cardiopulmonary bypass to 
severe anoxic ATP depletion- Aerobic metabolism produces 19 times as 
much ATP as anaerobic glycolysis (Braunwald et al.,1967). Anaerobic . .
glycolysis(indicated by lactate accumulation) increases during anoxia, 
the resulting difference in high energy availability in anoxia profoundly 
effects the normothermic beating heart. As the PO2 and pH fall and the 
PCOg rises, ATP and PCr are depleted from the myocardium. Myocardial* 
contractility is finally impaired. Alterations in the ionic balance across 
cell membranes in the myocardium are closely related to the high energy 
phosphate concentration within the cells. Failure of conduction between 
the atrial pacemaker and the myocardial contractile elements can then 
be related to decreased ATP because of internal and external cellular 
ITa**‘ and alterations (movement toward electrical neutrality). The 
final result is cardiac arrhythmias such as a-v block terminating in
arrest. The loss of vascular tone and the collapse of blood pressure 
seen just after respiratory arrest (Figure 11) are the result of central 
and peripheral manifestations; of the same alterations; in biochemistry.
Evidence for the above inadequacies of anaerobic metabolism has been 
presented by workers who have used glucose and ATP loading and metabolic 
inhibitors to prolong the anoxic tolerance of cardiac tissue:. Siska 
et al. (1969) studied the effects of anoxia on the in situ dog heart 
which was loaded with ATP. Intracoronary administration of ATP to 
ischaemic hearts raised cardiac PGr 50% higher than in control non- 
ATP loaded hearts. lactate was 28^ lower in the ATP loaded than in the 
control group.; If ATP was given the pressure in the aorta? following . 
ischaemia was twice that of the control group. Fox et al. (1965) found 
similar results in dogs following experimental congestive heart failure.- - 
They reported increased recovery of dogs which were loaded with ATP 
.during the failure periods and a 30% increase in PCr in ATP loaded hearts 
compared to non -loaded hearts. Morgan et al. (1959) found that the isolated 
perfused rat heart responded to anoxia by a three-fold increase in the 
uptake of glucose from the perfusate. Austen et al. (1965) reported 
that post anoxic left ventricular function (pressure development versus 
time) was improved by a one minute period of hyperglycaemic coronary 
perfusion prior to anoxia. Weiss 1er et al. (I968) studied the effects 
of anoxia of the perfused non-working isolated rat heart. Hearts exposed '
to 30 minutes of anoxia (95% 5% GO^) showed improvement in electrical
and mechanical performancd if glucose were included in the perfusate 
coBKjared to those hearts without glucose. Recovery after anoxia was also 
more complete in the glucose loaded hearts. Lactate production was five 
times greater in the glucose loaded anoxic hearts than in the anoxic hearts
h.
without glucose. Naksas et al. (196? ) studied the effects of metabolic 
inhibitors on arrested dog hearts during heart bypass. They found that 
magnesium sulphate extends the tolerance of the normothermic dog heart 
to ischaemia nearly three hours longer than in the perfused non-inhibited 
control heart. Chlorproraazine plus MgSO^ prolonged the viability of the 
hearts nearly four hours. Metabolic inhibitors decrease the need for 
high energy phosphates, thereby permitting anaerobiosis to supply a 
greater proportion of the energy requirements of-the anoxic heart.
II. Biochemistry and physiology after phasic abdominal compression.
Three minutes after the blood pressure rose in response to phasic
compression the blood PO^ was twice that measured in control anaesthetised
rats. Blood and cardiac Na and K returned to control levels* Cardiac
and aortic PCr and ATP rose above that recorede in cardiac arrested
animals but had not reached the higher concentrations measured in
anaesthetised animals.. Blood lactate was eight times higher and cardiac
lactate was twice as high as in the anaesthetised animals. If the blood
pressure did not rise in response to phasic compression, aside from an
increase in POg and blood and cardiac lactate, the results were no
different from those found in the cardiac arrested group. A considerable
body of work exists concerning the biochemistry of the blood and isolated
or intact heart during recovery from anoxia. McCord et al. (1969) found
+ '
a significant uptake of K by isolated dog hearts recovering from an 
exsanguination period of 32 to 180 minutes. They also found a direct 
relationship between the uptake of and the recovery of contractile 
force and O2 consumption of the isolated hearts. Coffman et al. (I96O) 
found that ATP values fell in the in situ anoxic ischaemic dog heart but 
increased toward control values after reperfusion. They also found that .
g.
hearts remaining anoxic for 100 minutes or more did not recover their 
ATP upon reperfusion nor were they capable of maintaining a blood pressure. 
Scheuer and Stezoski (1968) studied the effects of anoxia (95% N2> 5% CO2) 
on isolated rat hearts. They reported that potassium land lactate efflux 
from the hearts during anoxia was halted during the reoxygenation phase. 
Also ATP and PCr which had dropped during anoxia returned to control 
values after 10 to 20 seconds of recovery. Namm and Zucker (1973) 
found decreased ATP and PCr in isolated aortic strips when the PO2 of 
the bathing medium was reduced. The loss of PCr was directly related 
to the loss of tone during anoxia. Both tone and PCr returned to control 
levels when the O2 tension in the organ bath was increased. Other such 
examples of the biochemical alterations following reoxygenation have 
already been discu&ded in Sections 6.3.1-6.3.lU which deal.with specific 
biochemical parameters in the blood heart and aorta. Recovery after 
cardiac arrest requires reoxygenation, a resumption of aerobic metabolism, 
and recovery of high energy phosphate concentrations and intra and extra­
cellular ionic balances. - This recovery had begun in those rats whose 
blood pressure rose following phasic compression. The majority of the 
animals whose blood pressure rose maintainsdtthat pressure and returned 
eventually to spontaneous respiration.
The recovery of blood pressure foUoifing cardiac arrest depends-upon 
the recovery of the two components of blood pressure which are cardiac 
contractility and vascular tone. Cardiac contractility (pressure 
development/time ) is modified by biochemical alterations during the 
recovery period. High energy phosphate production in the heart can 
influence contractility and thereby predetermine the rise in blood 
pressure during recovery. Scheuer and Stezoski (1968) found that .
6 .
mechanical depressioij of isolated rat hearts occurred as high energy 
phosphates decreased. Contractility increased during recovery if those 
phosphate concentrations increased. Coffman et al. (I96O) found that 
ischaemic intact dog hearts could not maintain a blood pressure if 
myocardial ATP was severely decreased. The dependence of cardiac 
work on high energy phosphates means that ATP and PCr were probablÿ 
present in sufficient concentration before myocardial contractility 
could maintain the blood pressure rise following phasic, abdominal compression 
Tone in peripheral blood vessels; can return when there is sufficient 
blood circulation and oxygenation. A rise in POp, venous return, and 
resumption of cardiac contraction therefore precludes the return of 
vascular tone. Phasic compression raised right atrial pressure (Figure 
10), restarted the hearts, and raised the arterial POg. Giron et al.
(1966) used synchronous pulsation of the extramural pressure on 
anaesthetised dogsîand found that an increase in positive pressure on the 
hind quarters of the animals produced a transient increase in inferior 
vena caval flow and a large increase in cardiac output. Similar results 
were reported by Birtwell et al. (1965) and Osborne et al. (1963). The
V ' ■ ....
rise in right atrial pressure reported in the present experiments is 
indicative of movement of blood from abdominal blood pools to the right 
atrium.
The blood pressure did not rise in one group of rats which were given 
phasic compression even though the POp rose and the hearts restarted. 
Qualitative evaluation of flow during compression (Section 14.3.3) showed 
that blood was moving through the lungs and heart even if the blood pressure 
did not rise. Other studies measured on animals whose blood pressures
ultimately rose or did; not rise (Section 5.2.L) showed that the mean 
aortic pressure was significantly lower in those whose blood pressure 
did not ultimately rise. A slightly sifferent placement of the cuff 
on the abdomen could account for the lower blood flow in the retrograde 
direction upthe aorta. Also the force of contraction of the restarted hearts 
may have been too severely reduced so that recovery was impossible.
Lower cardiac output would result in no appreciable blood movement 
into the aorta at the beginning of compression.
1.
general discussion.
• V ,  ■
Consequences of anaesthetic overdose.
Cardia c arrest following ether overdose occurred 5-6 minutes after 
respiratory arrest (Section 5.1.1)* The blood pressure fell to zero 
within 3 minutes of respiratory arrest; a short-lived rise in the 
blood pressure (see Figure 11) followed 0.2 minutes after respiratory 
arrest but this was always followed by complete collapse. DeHann and 
Field (19^9) found that cardiac arrest in adult rats .occurred 5 minutes 
after respiratory arrest. The animals were killed by inhalation of 
lOO/S nitrogen. Hillman and Feldman (1968) found that the QRS complex 
disappeared approximately 5.5 minutes after respiratory arrest in _ . 
hooded adult rats whose necks had been dislocated. The fall of blood 
pressure in relation to respiratory and cardiac arrest depends on the 
method of killing. Exsanguinated animals show a fall in blood pressure 
before both respiratory and cardiac arrest. Negovsky (1962) showed that 
the blood pressure of exsanguinated dogs collapsed to zero a few seconds 
before respiratory arrest. Animals killed by anaesthetic overdose usually 
show simultaneous fall of blood pressure and respiratory arrest (Swann 
et al. , 1953 and Pollock, 19U2). The momentary recovery of blood 
pressure seen in the present experiments when the pressure had dropped 
to 50 mm Hg (Figure 11) has been observed by other laboratories.
Kirimli et al. (1970) studied death from exsanguination in dogs. The 
blood pressure fell to zero within 5 minutes of the beginning of controlled 
haemorrhage but when the pressure reached 5-10 mm Hg a transient rise 
accompanied by an increase in heart rate was seen in most of the dogs.
This transient rise lasted for 1 minute or less. They attributed their 
results to agonal sympathetic discharge. Milles et al. (1966) also
2.
observed the increase in arterial pressure during experimantal 
uncontrolled exsanguination in dogs. They concluded that the rise 
was merely an artefact of the bleeding technique and was a spontaneous 
response to a temporary cessation of bleeding. Swann and Brucer (19U9) 
saw the same increase in pressure during vascular collapse in the 
asphyxiated dogs but they did not discuss the mechanism of that rise. 
The explanation of Kirimli and coworkers above supports the previously 
discussed conclusion (Section 5*3.1) that blood pressure rises during 
dying were caused by a massive sympathetic discharge accentuated by 
cessation of baroreceptor influence after the pressure had fallen" to 
50 mm Hg.
Phasic abdominal compression.
Cardiac arrest was allowed to last for 1 or 5 minutes. External 
phasic compression plus artificial ventilation were begun immediately 
after the arrest period. Compression raised right atrial and aortic 
pressures, restarted attested hearts and raised the intrinsic blood 
pressure of most of the rats whose blood pressures had been unrecordable 
for 1; to 8 minutes. Phasic compression alters the transmural pressure. 
The external pressure is usually slightly above atmospheric pressure 
because of tissue pressure. Therefore the transmural pressure is 
approximately equal to the intravascular pressure (Giron, 1966)* If 
however the external pressure is3 increased by the application of phasic 
abdominal compression the transmural pressure decreases and vascular 
calibre decreases. The absence of intravascular pressure in cardiac 
arrested animals makes external pressure the more important component 
cf transmural pressure. As the external pressure increases the quantity
3.
of blood in vascular compartments as well as the relative compress- 
abiÜty of arteries or veins during compression of the dead animal 
determine the amount of blood which can be displaced. Dickinson 
and Secker-Walker (1970) showed thSt blood accumulates in the upper 
abdomen in the veins of the liver of rabbits after death. That blood 
pool can be displaced to the thorax during phasic compression. This 
principle has been tested by other workers whose purpose was to assist 
the failing heart or circulation. Soroff et al.(1969) used external 
synchronous assistance on patients suffering from cardiogenic shock. One 
patient showed an increase in diastolic pressure of 100% and in mean 
arterial pressure of 20%. Galnan et al. (1970) studied the effects of 
intermittent external compression on patients with venous stasis. They 
compressed the legs of the patients with air bags inflated to a maximum 
pressure of hO inm Hg during the positive pressure phase. Leg compression 
was found to be more effective in the treatment of stasis than bandaging 
or elevating the legs. Giron et al. (1966) showed a transient increase 
in inferior vena caval flow in anaesthetised dogs with the application 
of external pressures of 100 mm Hg. They also measured appreciable 
increases in diastolic pressure which were attributed to a reverse floif 
of blood in the aorta during the positive pressure phase. The body of 
work by S or off and his coworkers and Gardner and cpworkers (see Sections 
1.3*1 and 1.3=2) discussed previouâly lend weight to the conclusion 
that external pressure on the abdomen can increase venous return, cardiac 
output and coronary perfusion..7
Phasic compression recoramensed the contraction of arrested rat hearts 
in the present experiments. Restarted hearts are however not always 
viable working hearts because of the detrimental effects of anoxia on
h.
cardiac contractility. Goldman et al. (1971) found that dogs on 
cardiopulmonary bypass showed depression of left ventricular function 
(pressure development/time) which accompanied lactate accumulation 
in the hearts during the bypass period. Ecker et al. (I969) left 
dog hearts in ischaemic arrest for 1 hour before putting them onto 
a recipient dog circulation. Contractility of the hearts was depressed 
and did not reach peak mechanical performance until 2 hours after control 
non-ischaemic hearts. Reis et al. (I969) reported that dog hearts 
subjected to ischaemia for 30 minutes showed a decrease in the force of 
contraction (measured by a balloon and transducer in the left ventricle) 
which was 60% of the normal beating heart. Depression of contractility 
was still present when the hearts were reperfused and did not recover : 
full contractive force until 10 to 15 minutes after reperfusion. Coffmah 
et al. (i960) found that anoxic hearts with depressed contractility 
could not maintain a blood pressure even when vascular tone was intact. . 
Reoxygenation after anoxia has been shown to improve cardiac performance 
(Coffman et al., I96O and Scheuer and Stezoski, 1968), (2pie (1965) 
showed that the contractile force of the isolated perfused rat heart 
was dependent upon the coronary perfusion pressure and flow rate. In 
light of the above experiments phasic compression would have to increase 
depressed heart work following anoxia before the blood pressure could 
rise. Soroff et al. (1972) and Giron et al. (1966) showed that syn­
chronous pulsation of the extramural pressure on the abdomen of patients 
and degas increased coronary flow and perfusion pressure during diastole.
In the present experiments external compression on the abdomen raided 
right atrial pressures, restarted the hearts, and improved retrograde 
coronary perfusion.' It also raised the arterial PO^ thereby ending
5.
the period of anoxia and allowing the recovery ofcardiac contractility.
Even if the hearts were beating in the first few minutes of com­
pression the effect of phasic compression on the blood pressure in the 
absence of vascular tone was slight.(see Figure 9)* The maximum aortic 
pressure recorded using a positive external pressure of 100 mm'Hg was 
approximately 16 mm Hg. Assuming that the hearts have restarted and 
myocardial contractility is sufficient to support the blood pressure, 
the distolic pressure will not rise until vascular tone has returned. 
Phasic compression raises the intrinsic blood pressure by stimulating 
the return of vascular tone approximately 3.5 minutes after the 
beginning, of compression. Soffer and Sweet (1953) studied the effects 
of postural alterations of the lower extremities during vasomotor 
paralysis. They found that sudden lowering of elevated legs during 
vasomotor block can result in blood pressure collapse even whf'n the 
heart is contracting normally. Enderby (1950) used pentaméthonium 
iodide in anaesthetised patients to produce a fall in blood pressure.
He found that raising the legs of the patients drained pooled blood from 
the lower extremities and raised the blood pressure significantly. Phasic 
compression closes the abdominal vessels increasing the resistance in the 
resistance vessels. It also moves oxygenated blood from the upper abdomen 
through the heart and lungs, and into the arterial tree to vasomotor- 
centers in the medulla. In the present experiments noradrenaline was 
given at the beginning of compression to assist in raising the blood 
pressure (see Section 3.9.1.). .Compression mixed.the noradrenaline from.. 
the injection site to receptors throughout the vascular system.
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SUMMARY
Rats were given excess ether to respiratory and cardiac arrest. 
One to five minutes after cardiac arrest cardiovascular assistance 
was attempted with manual abdominal compression, abdominal compression 
with neck constriction or phasic abdominal compression. Phasic 
abdominal compression was chosen as the method for further experi­
mentation because it restarted the hearts of 8 out of 11 of the 
animals studied without raising right atrial pressures high enough 
to damage the lungs. It was applied externally to the abdomen and 
lower extremities of the animals with an adult sized blood pressure 
cuff. The cuff was inflated to a pressure of 100 mm.Hg at a 
frequency of 240 cycles per minute with compressed air. The maximum 
heart rate achieved by the animals was positively correlated with the 
frequency of phasic external compression (r = 0.59).
Following the collapse of blood pressure but before cessation 
of cardiac electrical activity due to anaesthetic overdose, artificial 
respiration (40 per min,) plus phasic compression induced an increase 
in the rate of cardiac contraction to 200 to 250 beats per min. and 
a rise in the mean blood pressure of 100 ± 24 mm.Hg. One to five 
minutes after cardiac arrest phasic compression restarted the 
hearts of 70 out of 80 rats (88%). Compression plus intraarterial 
injections of noradrenaline (0.5 yg.) raised the blood pressures of 
45 of 80 rats (55%) to a mean pressure of 90 ± 20 mm.Hg. Spontaneous 
respiration resumed in 20 of 35 (57%) of the rats allowed to recover 
after phasic abdominal compression.
Measurement of arterial blood PO^, PCOg, pH, lactate, Na^ and 
K"*" indicated that the acutely anoxic condition of the rats at 
cardiac arrest was reversed if the blood pressure rose during 
phasic abdominal compression. Determination of aortic and cardiac 
Na*, K*, glucose, lactate, ATP and PCr showed that the low energy 
state produced at cardiac arrest was reversed if the blood pressure 
rose.
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CHAPTER 1
Historical Introduction
HISTORICAL INTRODUCTION
Cardiovascular assistance of the dead or dying encompasses 
all of those techniques which are concerned with the restoration 
of cardiac, respiratory or central and peripheral vascular 
function. The best results have been achieved with those 
resuscitative routines which involve a combination of two or more 
of these techniques. The present work is not concerned with open 
or closed-chest cardiac massage or any other method of direct 
cardiac support. The historical introduction will, therefore, 
deal only with those aspects of central and peripheral vascular 
support which have been reported previously.
1.1. Early cardiovascular assistance
The earliest attempts at resuscitation were a result of the 
fascination of the living for the loss of consciousness seen in 
the dead. Death was presumed to be a deep sleep from which the 
patient could be awakened by shouting, beating or whipping of the 
unfortunate victim (Hillman, 1973). This gave way to mouth-to- 
mouth artificial respiration first mentioned by Elisha in the Bible. 
He resuscitated a child by putting "his mouth upon his mouth 
until the flesh of the child waxed warm" (2 Kings, iv, 34). Further 
attempts at resuscitation until the senventeenth century were 
usually some variation of artificial respiration. In the latter 
part of the fifteenth century Paracelsus introduced the fireside 
bellows as a method of ventilation of the lungs (from Brooks, 1967). 
In the senventeenth century the heart became a centre of interest 
in resuscitation. William Harvey (1628) found that he could revive
the heart of a dead pigeon by mechanical stimulation of the heart 
with his fingers. Moritz Schiff (1874) described the method of 
manual cardiac massage and observed that the heart could be restarted 
even after several minutes in arrest.
It was not until the nineteenth century that attempts were 
made to assist the circulation with methods which were aimed at 
restoration of the circulation and not directly related to restoration 
of cardiac function. In the beginning of the nineteenth century 
people were strapped to barrels and rolled back and forth to get 
the circulation moving (Hawkins, 1970). Hill (1895) studied the 
effects of gravity on the circulation of the blood in dogs. He 
noted that the carotid pressure fell catastrophically when the 
dogs were asphyxiated or overdosed with anaesthetic. Bandaging 
the abdomen and lower limbs of the dogs or tilting them head 
downward caused an immediate rise in blood pressure. Roy and 
Adami (1888) suggested that the wearing of waistbelts and stays 
for weakness was due to the fact that compression of the abdomen 
increased the output of the heart and blood supply to the brain.
A gravity method was employed by Eve (1932). He rocked a baby 
back and forth at an angle of 30° ten times per minute in a rocking 
chair. He managed to revive the child which was suffering from 
respiratory insufficiency due to complications of diptheria. Eve 
continued to advocate his own method and in 1947 described a 
variation of the method by which an adult victim could be tilted 
back and forth on a table or by two operators at an angle of 45°.
He concluded that head down tilts could force blood to the right 
heart from the abdomen and from the right heart through the lungs 
where it would be oxygenated and finally transferred to the left
heart and aorta. The head-up tilts moved the oxygenated blood 
down the aorta and coronary circulation. This method was therefore 
not only supposed to artificially respire but also to restore 
circulation in the victim. Unfortunately the patient died. The 
Eve method was still being studied in the nineteen fifties.
Cole (1952) concluded that tilting a hypotensive patient head 
downward at an angle of 30° did cause a rise in arterial blood 
pressure in the upper extremities. Gordon et ^  (1951-52) found 
that the Eve method was capable of adequately providing artificial 
respiration in apneic normal adults. Hemingway and Neil (1944) 
used the Eve method on respiratory arrested, tracheotomised 
dogs and found it sufficient to maintain oxygen uptake and cardiac 
output. These experiments however could not be repeated by Swann 
£t al. (1953) in non-trachotomised dogs whose circulations were 
failing due to breathing 100% nitrogen. The Eve rocking method 
gradually lost favour because of its general ineffectiveness and 
its need for specialised equipment in what was usually emergency 
circumstances.
1.2. Invasive techniques for cardiovascular assistance
Modern techniques support the central and peripheral circulation 
and thereby support cardiac mechanical activity in shocked and cardiac 
arrested patients. Some of these are invasive techniques which 
usually require moderate to highly trained medical staff to employ. 
This therefore decreases their usefulness in cases of emergency 
cardiovascular accident outside the hospital surgical theatre.
1.2.1. Intraarterial infusion
Intraarterial infusion of blood, plasma or saline and vaso­
constrictive drugs such as adrenaline or noradrenaline were used 
as early as 1906 by Crile and Dolley* They recognised that the 
intravenous route of administration of adrenaline did not immediately 
put the drug in contact with the vessels mainly responsible for in­
creasing peripheral resistance. Adrenaline and saline were injected 
into a cannula placed in the carotid artery in dogs with circulatory 
arrest induced by ether, chloroform or asphyxia. The immediate 
effect was a rise in peripheral resistance evidenced by an increase 
in blood pressure and uniform resuscitation after 5 minutes 
circulatory collapse. The work of Crile has been taken up recently 
mainly by Russian workers who use the intraarterial route for fast 
replacement of blood following exsanguination. One major Russian 
advocate of intraarterial infusion is Negovsky (1962). He believed 
that intraarterial transfusion is indicated for use when lethal 
blood loss has occurred which cannot be compensated for by intra­
venous infusion of one or two litres of blood. When blood is 
infused centripetally towards the heart it perfuses the coronary 
circulation as well as the peripheral arterioles. Negovsky achieved 
his best results in dogs which were given oxygenated blood containing 
adrenaline or noradrenaline centripetally. He preferred noradrenaline 
to adrenaline because of the higher risk of ventricular fibrillation 
with adrenaline. Engel, et ^,(1944), Frank £t £]_. (1946) and 
Danziger (1955) believed the good results obtained with intraarterial 
infusion in irreversible shock to be due to an immediate removal
of hepatic anoxia and inactivation of a vasodepressor substance. 
Case et (1953) and Smythe et al^ (1954) preferred intra­
arterial infusion because it restored circulating blood volume 
more rapidly than did intravenous infusion. Jones et al/
(1950) used intraarterial infusion on dogs in respiratory arrest 
following exsanguination and found that the blood pressure 
returned to normal rapidly. Also there was immediate stimulation 
of cardiac and respiratory function. In 1955 Cowie revived 
patients to full recovery from severe exsanguination due to trauma 
by infusion of oxygenated blood into the radial artery. This 
route of administration was used only after intravenous infusion of 
two litres of blood and plasma proved ineffective. Intraarterial 
centripetal infusion has thus proved itself useful in cases of 
shock due to excessive blood loss. This is not only true under 
normothermic but also under hypothermic conditions. Rogers and 
Hillman (1970b) reported an increased recovery from 10 to 50 
per cent in rats if intracarotid infusion of salt solutions was 
begun after 30 minutes hypothermic cardiac arrest. Intraarterial 
transfusion is currently used extensively in Russia but has 
apparently lost favour over intravenous infusion in England. The 
reasons for the decline are apparently more related to technical 
problems associated with needle puncture of a large artery.
The needle puncture may require a suture for closure, the suture 
is in danger of tearing loose under high arterial pressure, 
especially in arteriosclerotic aortas, and there is a definite 
possibility of causing fatal air embolism in the coronary or
cerebral vasculature by injecting aerated blood directly into 
the aorta (Stephenson, 1969).
1.2.2. Synchronous counterpulsation
The idea of altering apparent arteriolar resistance to 
assist the heart in left ventricular failure or hypotension 
without addition of blood or vasoconstriction of the arterial 
tree was proposed by Clauss et ^.(1961). They proposed to use 
an arterial synchronous counterpulsator. The counterpulsator was 
a proportioning pump which was tied into the femoral or iliac 
artery. In anaesthetised dogs the pump aspirated blood from the 
aorta during peak left ventricular systole and reintroduced the same 
blood under pressure during cardiac diastole. The purpose of the 
experiment was to decrease the intraventricular systolic pressure 
by providing a low peripheral resistance at the time of cardiac 
systole while maintaining the coronary perfusion by reintroducing 
blood during the cardiac diastolic period. The result was a 
reduction of intraventricular pressure of 50 per cent during 
systole and an increase of diastolic pressure of 100 per cent.
Soroff ^  (1963) applied the same technique to dogs with the
counterpulsator in the abdominal aorta and synchronised the pump 
diastole with the R wave of the electrocardiogram. They reported 
a reduction in left ventricular work and myocardial oxygen 
consumption with properly synchronised counterpulsation. Sachs 
et £1.(1964) using dogs established the effectiveness of synchronised 
counterpulsation for extended periods of up to two hours without 
alteration in arterial pH, pO^ and oxygen saturation. Hirsh et a l .
(1966) used synchronous counterpulsation on dogs with deteriorating 
heart contractility and low systemic arterial blood pressure. They 
found that myocardial oxygen consumption was dependent upon 
coronary flow under these circumstances and that counterpulsation 
increased coronary blood flow. Thus the positive benefit of 
counterpulsation for conditions which produce circulatory collapse 
was established. Ascending aorta synchronised counterpulsation was 
used in 1971 by Lang et al, for the treatment of dogs with cardio­
genic shock produced by ligation of a coronary artery. The 
pumping of blood during cardiac diastole directly into the ascending 
aorta enabled them to provide adequate perfusion of the coronary 
arteries with a minimal amount of blood. The shock state was 
characterised by a 30 per cent reduction in cardiac output. 
Approximately ninety minutes after the production of cardiogenic 
shock arterial counterpulsation reversed the shock condition in 
most of the dogs. This was indicated by improved coronary flow 
and contractile function. The final test ofcounterpulsation 
was taken up by Soroff et £l_o(1972) with patients in cardiogenic 
shock due to myocardial infarction. The patients had been in 
shock or on treatment with vasopressors for 30 hours before 
counterpulsation was attempted. Counterpulsation synchronised 
with the R wave of the electrocardiogram via the femoral artery 
increased blood pressure and urinary output with improved peripheral 
perfusion in 50 per cent of the patients. One patient survived.
The limitation of the technique in patients was a serious inter­
ference with the amount of blood which could be aspirated during
cardiac systole in patients with generalised atherosclerosis.
1.2.3. Intraaortic balloon pumping
The technique of arterial counterpulsation has been replaced 
in popularity in the last few years by aortic diastolic balloon 
pumping. This technique was first introduced by Moulopoulos(i962). 
It was designed to simplify the problems associated with the 
aspiration and positive pressure pumping of blood used in 
synchronised arterial counterpulsation. Moulopoulos fitted a 
latex tubing around the end of a polyethylene catheter which was 
perforated with side holes. The latex could be blown up like a 
balloon through the catheter using carbon dioxide. The balloon 
was activated from the R wave of the electrocardiogram so that 
it was inflated during cardiac diastole and deflated during , 
systole. This essentially increased the effective arterial 
resistance during diastole thereby raising diastolic pressure.
It also decreased resistance (although not below the ambient level) 
during cardiac systole. It was hoped that this system would 
increase diastolic blood flow to the coronary arterial circulation 
and decrease systolic work for the failing left ventricle.
Kantrowitz et al,(1968) applied the intraaortic balloon 
to patients following cardiogenic shock due to myocardial infarction 
It improved the circulatory status of two patients studied but only 
one survived. A modification of the simple intraaortic balloon 
was introduced by Bregman et a L  (1971). It consisted of a dual 
chambered balloon; the distal spherical balloon completely occluded 
the artery while the cylindrical pumping balloon displaced blood
towards the coronary arterial circulation during diastole. This 
balloon pumped blood in one direction only, effecting a 60 to 100 
per cent greater increase in coronary blood flow. The new balloon 
was effective in restoring consciousness to the five patients in 
the study who were in shock due to myocardial infarction and 
cardiogenic shock. Their peak diastolic pressure rose by 54 mm.Hg 
and systolic pressures fell 11 mm.Hg. Ventricular work was 
reduced. In dogs and patients Maroko e£ £1^,(1972) have shown that 
the magnitude of myocardial ischaemic injury following myocardial 
infarction was reduced if intraaortic balloon pumping were initiated 
shortly following the infarction. Their index of magnitude of 
myocardial ischaemic injury was S-T segment elevation. Aside 
from the possibility of kidney infarction (Blatt et £l^. ,1973) the 
complications ofintraaortic balloon pumping are minimal.
The methods elaborated above are all of some benefit in patients 
following various major cardiovascular accidents provided that the 
patient is in the hospital theatre or can be rushed to theatre 
within a short time. The necessity of using sterile procedures and 
surgical intervention make them of little use in an ambulance at the 
scene of an accident.
1.3. Non-invasive techniques for cardiovascular assistance
Since the beginning of the twentieth century non-invasive 
methods for cardiovascular assistance have involved the application 
of external positive pressure to some area of the injured body of 
the victim. Apart from external cardiac massage which is solely a
direct aid to cardiac contractility, most workers have concentrated 
their efforts on the application of pressure to the abdomen and 
lower limbs. Rainer and Bui lough (1957) described a new method 
for resuscitation of children in cardiac arrest. The bent knees 
of the patient were raised and forced against the upper abdomen 
and chest. The method presumed not only to effect pulmonary 
ventilation but also to force venous blood from the legs and 
abdomen into the chest. Pressure on the chest forced blood out 
of the chest into the periphery. Woodward (1962) and Fowler (19 52) 
found that the arrested hearts of their patients could be restarted 
by bandaging and elevating their lower limbs and abdomen. Restall 
and Smirk (1952) lowered the systolic blood pressure of patients 
with hexaméthonium bromide to approximately 90 mm,Hg. They found 
that the application of positive pressure via an air pressure 
chamber to the body surface below the nipple level raised the 
systolic pressure to approximately 150 mm.Hg. They concluded 
that positive pressure applied externally could benefit people 
who frequently fainted due to postural hypotension.
1.3.1. Constant pressure external counterpulsation
Crile (1903) used an inflatable suit wrapped around the 
abdomen and lower limbs to prevent postural hypotension during 
operations with the patient in the sitting position. He also found 
the suit benficial in reversing haemorrhagic shock. Gardner and 
Storer (1966) stated that the work of Crile was revived during 
World War II when a G-suit was developed which applied pressure
to the abdomen and lower limbs of aeroplane pilots. This prevented 
blackouts and retinal ischaemia from adverse effects of centrifugal 
forces during aerial manoevres. Gardner et £1^ . (1958) used the Air 
Force G-suit in expieriments on shock. A plastic inflatable bladder 
was wrapped around the lower half of the body of a patient with 
haemorrhagic shock. The suit was inflated to a pressure of 20 mm,Hg 
and this raised the blood pressure of the patient to within normal 
limits. The G-suit and all similar apparatus were designed to 
raise the external pressure over a wide area of the total vascular 
bed, thus providing an artificial peripheral resistance. Stanford 
(1961) and Levin et £]_, (1964) reported successful treatment of 
postural hypotension with anti gravity suits. Gardner (1969) 
produced intra-abdominal haemorrhage in dogs by cutting a trans­
verse wound in the common iliac artery« Application of the G-suit 
at a pressure of 40 mm.Hg halted the haemorrhage and maintained 
the blood pressure in all the animals studied. The control group 
of dogs for that study died within minutes without the G-suit.
Gray et £]_. (1967) found an increase of central venous pressure 
and cardiac output with G-suit inflation to 80 mm.Hg in normal 
resting subjects. Redding (1971) used positive external pressure 
in conjunction with external cardiac massage in dogs in which 
circulatory arrest was induced by asphyxia. External cardiac 
massage and compression of the midabdomen (150 mm.Hg) were begun 
immediately after cessation of systolic blood pressure fluctuations. 
The result was an improvement in the number of dogs returning to 
spontaneous circulation from 7 per cent to 93 per cent with abdominal
compression plus external cardiac massage than with cardiac massage 
alone. He also reported a carotid arterial flow of 10.9 per cent of 
control in dogs receiving cardiac massage plus abdominal compression. 
Cardiac massage alone produced a carotid arterial flow of only 7.8 
per cent of control. The obvious beneficial effects on the 
circulation of externally applied pressure, however, were not with­
out their detrimental effects in the experiments of Redding. 
Approximately 25 per cent of his dogs had sustained liver lacerations 
as a result of external massage and abdominal compression. This 
laceration was not observed in dogs given external cardiac massage 
alone, so it must be assumed that the damage was a result of 
abdominal compression or a combination of abdominal compression and 
cardiac massage. Wangensteen et al_, (1968) looked at the effects 
of prolonged external counterpressure of 40 mm.Hg on anaesthetised 
dogs. They measured a decrease of 1 mm.in the diameter of the 
abdominal aorta and of 9 mm.in the diameter of the inferior vena 
cava. They also reported a decrease in hepatic blood flow of 
8 per cent, indicating that perfusion of organs encompassed by the 
G-suit could be compromised in normovolemic subjects. Wangensteen 
et al_, (1969) continued their experiments by looking at the effects of 
G-suit inflation on dogs with induced haemorrhagic shock. In 
contrast to the previously mentioned work of Gardner, the application 
of the G-suit for a period of 4 hours was detrimental. The mean 
survival time was less in the dogs treated with the G-suit than in 
a group of control dogs which had received no treatment after 
bleeding. Lower values for blood pH were also measured in the lower
extremities .of the treated dogs. The G-suit was thought to have 
impaired perfusion of the area enclosed by it. Roth and Rutherford 
(1971), repeating the model of Wangenteen, produced haemorrhagic shock 
in dogs by bleeding and then observed the changes in regional blood 
flow after inflation of the G-suit to 20 mm.Hg. Significant blood 
flow improvements above haermorrhagic levels in the heart, brain 
and skin were associated with G-suit application, even in the areas 
encompassed by it (kidneys and liver). The cardiac output and total 
peripheral resistance were increased. Furthermore, the improvements 
in circulation increased with the length of the period of application 
of the external pressure.
The majority of the work done with externally applied constant 
pressure to the abdomen and lower extremities shows that the 
selective use of external pressure is an effective method of 
increasing venous return, cardiac output, and total peripheral 
resistance in patients with intraabdominal haemorrhage and shock.
It is, of course only a time gaining procedure since it will do nothing 
to repair the damage to injured arterial tissue. The value of the 
technique, especially in cases of accidental trauma outside hospital, 
is considerable in the limited context of intra-abdominal haemorrhage. 
Very little work has been done on its possible effectiveness in shock 
due to myocardial infarction. It has been shown to be of use in 
association with external cardiac massage in the treatment of complete 
circulatory arrest due to asphyxia. External pressure has not been 
used as the sole means of circulatory support following circulatory 
arrest.
1.3.2. Synchronised external counterpulsation
Constant pressure counterpulsation is, however, not the only 
method of cardiovascular assistance using externally applied pressures 
which has been developed in recent years. Osborn et al,(1963) 
used synchronised pulsatile external pressures on dogs with failing 
circulation due to induced mitral stenosis. Positive pressure pulses 
of up to 110 mm.Hg were applied to the abdomen and legs during early 
cardiac diastole. By this method cardiac output was increased by 
33 per cent. Between compressions during cardiac systole the pressure 
on the abdomen and legs was reduced to atomospheric pressure so that 
the left ventricle would have to contract against minimal vascular 
resistance. Dennis et £]_. (1963) showed that intermittently applied 
pressures to the abdomen and lower extremities of anaesthetised dogs 
could express large volumes of fluid from the lower extremities. 
External sleeve compression at pressures very little above the 
arterial blood pressures could completely occlude the arterial blood 
flow. Left ventricular pressure was lowered and diastolic blood 
pressures as high as the systolic blood pressure could be recorded 
while the aortic valve was closed. Negative pressures in 
synchronously pulsating external pressure were first introduced by 
Birtwell et a][, (1965). They studied the effects of pulsatile pressures 
from +100 to -100 mm.Hg on the inferior vena caval and aortic flow 
in anaesthetised dogs. Maximum aortic and vena caval flows were 
recorded when the external pressure was varied between -50 and +50 
mm.Hg. The changes in flow were attributed to the increase 
in transmural pressure during the positive pressure phase and a 
decrease in transmural pressure during the negative pressure phase.
Vascular capacity will decrease with increased transmural pressure, 
and as the external pressure is made positive, the capacity will 
decrease. The use of positive and negative pressures maximized 
the control over the response of the vascular system to externally 
applied pressures in anaesthetised dogs. Soroff et al^ , (1965) used 
a similar system for external pulsatile compression. They found 
that a maximum reduction of systolic pressure occurred with a 
negative pressure of 100 mm.Hg and maximum effects on venous 
return and cardiac output were achieved with a pressure of -50 mm.Hg. 
Soroff et al_. (1967) first applied pulsatile external pressure in 
conjunction with external cardiac massage as a means of resuscitating 
dogs after 5 minutes of ventricular fibrillation. In this case the 
external pressure assist was synchronised with the frequency of 
external cardiac massage and ranged from atmospheric pressure to 
+ 140 mm.Hg. After 15 minutes of massage and external pressure assist 
the hearts were defibrillated. Resuscitation by means of external 
pressure assist improved aortic pressure and carotid artery flow 
over that obtained by external cardiac massage alone. Mortality 
in the animals studied was significantly reduced. Ruiz et al.
(1968) induced cardiogenic shock in dogs by ligation of the left 
coronary artery. External synchronous pressure assist from ambient 
pressure to a maximum positive pressure of 200 mm.Hg kept the animals 
alive throughout the duration of the assist which lasted for several 
hours. Control dogs which were not assisted all died within 30 
minutes of coronary ligation. During the assist there was an 
effective reduction of systolic pressures and left ventricular
and diastolic pressure. Sabri et £1.(1972) advocated intermittent 
compression of 30 mm,Hg to the legs for the prevention of deep 
vein thrombosis in non-ambulent patients. They recorded increases 
of 250 per cent in femoral venous flow in dogs whose hind limbs 
were pulsated every 4 seconds at a pressure of 30 mm.Hg. Soroff 
et£l_. (1972) have used external synchronous pressure assist on 
patients in cardiogenic shock. They applied pressures of + 200 mm,
Hg to the legs and abdomens of patients during cardiac diastole- This 
could raise diastolic pressure by 50 per cent. Mortality statistics 
indicated that a 45 per cent survival rate with external pressure 
assistance was a significant improvement over the usual 15 per 
cent survival rate usually seen in cases of cardiogenic shock.
The methods of non-invasive cardiovascular assistance developed 
within the last two decades have been effective in both animals and 
patients to relieve the symptoms of shock due to exsanguination and 
myocardial infarction. A constant pressure applied to the abdomen 
and lower extremities increases peripheral resistance by increasing 
peripheral transmural pressure and decreasing arterial diameter.
This is particularly effective in cases of shock produced by intra­
abdominal haemorrhage since it not only raises the blood pressure 
but also squeezes closed the vessel which is bleeding. A pulsating 
pressure applied to the abdomen and lower limbs and synchronised 
with the heart beat can pump blood from the lower extremities to 
the right atrium and can effectively reduce the work of the left 
ventricle while at the same time increasing diastolic coronary 
perfusion. The method is particularly effective when both positive 
and negative pressures are applied at the correct times during the 
cardiac cycle. Patients suffering from cardiogenic shock due
to myocardial infarction have benefitted particularly from the 
development of synchronised external counterpulsation. All methods 
of externally assisted circulation have significant advantages 
over assistance techniques which involve sterile surgical procedures. 
Emergencies requiring some form of cardiovascular assistance occur, 
in most cases, outside hospitals where non-medically qualified 
personnel must provide the assistance. This is the reason for the 
preference of external cardiac massage over internal cardiac 
massage for the treatment of cardiac arrest.
CHAPTER 2
Introduction
INTRODUCTION
Constant pressure external abdominal compression and synchronised 
external pulsating pressure (see Section 1.3) have been used almost 
exclusively on patients and animals suffering from shock. The methods 
have not been applied in the treatment of hypotension due to vaso­
dilation such as that which occurs just before asphyxiai cardiac arrest 
or following respiratory arrest after anaesthetic mismanagement. Rogers 
and Hillman (1970a) compressed the abdomens of rats in hypothermic 
cardiac and circulatory arrest. The rats were hypoxic at cardiac 
arrest because they had not been artificially respired during the cooling 
procedure after spontaneous respiratory movements had ceased. The 
recovery of these unrespired cooled rats was increased from 9 to 45 
per cent with the simple application of phasic compression with the 
thumbs of the experimenter to the upper abdomen of the rat.
Resuscitation of the arrested circulation was obviously benefitted 
by abdominal compression in hypothermic conditions but has not been 
attempted under normothermic conditions.
The purpose of the present work is to induce circulatory failure 
cardiac arrest by administration of an overdose of ether and to 
observe the effects of assisting the circulation by three methods 
of external phasic compression:
1) manual abdominal compression by the method of Rogers and 
Hillman (1970a)
2) phasic abdominal compression with neck constriction
3) phasic abdominal compression
All of these techniques are analysed technically in Chapter 4 and 
the most useful of the three is chosen on the basis of the degree 
of recovery of heart beat and blood pressure. The method of choice 
is phasic abdominal compression. Chapter 5 of the thesis is 
devoted to further examination of the effects of phasic abdominal 
compression on the arrested heart and circulation and to the 
maximum degree of recovery achieved by this method. The alterations 
in the biochemistry of the blood, heart and aorta before and after 
phasic abdominal compression are discussed in Chapter 6.
CHAPTER 3
Materials and Methods
MATERIALS AND METHODS
Wistar male albino rats weighing 200 to 250 g. were given a 
subcutaneous injection of heparin (200 U.per 100 g body weight)
20 to 30 minutes before anaesthetic induction.
3.1. Anaesthesia
The rats were anaesthetised with diethyl ether. They were 
placed in a desiccator (29.2 cm in diameter) whose top was left 
slightly open. Ether in 2 ml. quatities was poured onto cotton 
wool in the desiccator over a period of 5 to 7 minutes until the 
rats lost consciousness. The desiccator top was then closed and the 
unconscious animals remained in the ether atmosphere until they did 
not respond to pinching of the foot. They were removed from the 
desiccator and laid supine on the operating table. A glass universal 
container containing cotton wool saturated with ether was fitted 
loosely over the nose to maintain the level of unconsciousness 
throughout the operative procedure.. The colour of the hind limbs 
was carefully observed during anaesthesia and if the animal showed 
signs of cyanosis the ether was removed from the nose until a pink 
colour returned. This method of anaesthetic induction seemed to 
disturb the animals less than other methods attempted.
3.2. Arterial cannulation
Arterial cannulation was always performed on the right common 
carotid artery. The right common carotid artery was chosen for
cannulation because it arises from the innominate artery which 
connects directly with the arotic arch closer to the aortic valve 
than any other systemic artery. The carotid artery was clamped 
1 cm,distal to its origin from the innominate artery. A cannula 
filled with heparinised saline (4 u. per ml.) was inserted into a 
1 - 2 mm.transverse nick in the carotid artery. The cannula was 
lightly coated with petroleum jelly to fascilitate smooth movement 
through the vessels. A cotton ligature loosely secured the cannula 
in place. The artery with the cannula inside was then grasped with 
forceps and the cannula carefully slid through the artery to the 
level of the arterial occluding clamp. The clamp was removed and 
the cannula pushed through the innominate artery so that its tip 
rested 1 - 2  mm.within the aortic arch. Two cotton ligatures 
secured the artery and tubing to prevent movement during the
experimental procedure. The cannula was made from a 2.5 cm. length of
plastic tubing (0.8 mm.inside diameter) attached to a 5 mm,length 
of a blunted size 21 syringe needle. The needle with the cannula 
attached was connected to a three-way tap. The blood pressure in the 
aorta was recorded through the cannula and three-way tap, and all 
drugs administered intra-arterially were given via this route. The
cannulation of the carotid artery took 6 to 10 minutes.
3.3. Venous cannulation
In some experiments venous cannulation had to be performed. The 
same size of cannula used for arterial cannulation was loosely ligated 
into a transverse nick made in the right external jugular vein at the
point where the vein lies close to the ventral surface of the neck.
The cannula was pushed 3 cm,through the right superior vena cava to 
the level of the right atrium. Two ligatures secured the cannula and 
vein in place. Cannulation of the vena cava took approximately 10 
minutes. Arterial and venous cannulations were always performed 
on anaesthetised rats which were breathing spontaneously.
3.4. Anaesthetic overdose and cardiac arrest
After the cannulation had been completed the ether container was 
drawn securely over the nostrils and mouth of the rat until spontaneous 
respiration ceased; cardiac arrest occurred 2 to 7 minutes after 
respiratory arrest. Cardiac arrest was defined as the complete 
cessation of ventricular contraction following respiratory and circulatory 
arrest; it was indicated by a disappearance of the QRS complex from the 
oscilloscope which was recording cardiac electrical activity. A stop- 
clock was started when the last QRS complex appeared on the screen. The 
oscilloscope was continuously observed for 1.5 minutes after the last 
regular heart beat because isolated beats sometimes occurred. If any 
such beats were seen the stopclock was restarted.
3.5. Artificial respiration
In the interim period between respiratory and cardiac arrest the 
airway was prepared for positive pressure respiration by performing 
either a tracheotomy or an intra-trachael intubation. As a preliminary 
to intra-trachael intubation an aluminium wire made from a straightened 
paper clip was manoeuvred through the mouth into the trachea. The
diameter of the inflexible wire was only one third that of the 
trachea so there was no difficulty in entering the trachea with the 
wire. A 4 cm.length of plastic tubing (2.5 mm.internal diameter) 
was pushed over the wire and was guided by it into the trachea.
This method of intubation was relatively simple, caused minimal 
damage to the tissue of the throat, and permitted a large diameter 
tube with low airway resistance to be inserted into the trachea.
When a tracheotomy was performed the stenohyoid muscles covering 
the ventral surface of the neck were exposed and teased apart.
A 4 cm. length of plastic tubing with 2.5 mm.internal diameter was 
inserted into the exposed trachea through a 1 - 2 mm.transverse 
incision. A cotton ligature held the tube in place. The intubation 
or tracheotomy tube was connected in series with a humidifier and 
in parallel with a mercury manometer. The humidifier was made from 
a side-armed 250 ml. conical flask with a rubber stopper pierced by 
a length of glass tubing. The bottom of the flask contained water.
A Palmer respiration pump respired the rats 40 respirations per
minute with a maximum positive pressure of 12 mm.Hg, supplying 6 - 8 cc of 95
per cent 0^:5 per cent CO^ or 100 per cent 0^ per respiration. The
gas from the respiration pump was pumped through the glass tubing
of the humidifier, bubbled through the water and then moved out of the
side arm of the humidifier to the animal. This method of artificial
respiration expanded the lungs maximally. Tracheotomy took less than
45 seconds and was always completed before cardiac arrest. Artificial
respiration was begun 15 seconds before the beginning of cardiovascular
assistance and was continuously monitored on the mercury manometer.
3.6. Measurement of blood pressure and heart rate
The electrocardiogram was recorded on a dual-beam oscilloscope 
from three limb leads (Lead I) implanted under the skin of the 
right and left forelimbs and left hindlimb of the rat. The gain of 
the oscilloscope was set at 1 millivolt per cm. and the QRS wave of 
the heart beat produced a deflection of 0.6 - 1 cm.on the illuminated 
scale. Permanent recordings of the heart beat were made by connecting 
the three limb leads to a S.E. Laboratories ECG pre-amplifier, 
galvanometer and ultraviolet recorder. The paper speed of the 
recorder was 125 mm.per minute. Some recordings of the heart beat 
of anaesthetised and dying rats were done on a Sanborn 500 hospital 
ECG recorder at a paper speed of 75 mm.per sec. The heart beat was 
recorded throughout respiratory and cardiac arrest and cardiovascular 
assistance.
Systolic and diastolic blood pressure were measured with a 
strain-gauge transducer whose saline filled head was connected to the 
three-way tap and 3 cm.arterial or venous cannula. The signal from 
the transducer was received by a S.E. Laboratories EMMA D.C. amplifier 
and recorded on an ultraviolet recorder (paper speed 125 mm.per min.). 
Before the experiment the transducer was calibrated by connecting it 
via the cannula to a mercury manometer and saline filled syringe.
As saline introduced from the syringe increased the pressure in the 
manometer and transducer head the ultraviolet recorder was adjusted 
to record the same pressure as the manometer. Calibration in this way 
corrected for the resistance of the cannula. The recorder was
calibrated in steps of 20mm,Hg from 0 to 160 mm.Hg. Arterial blood 
pressure was always recorded during cardiovascular assistance and 
was the major indication of its success or failure.
3.7. Measurement of temperature
The temperature of the rats was measured with a standard 
centigrade thermometer inserted 3 cm.into the rectum. It was found 
that the body temperature of rats dropped approximately 2°C within 
5 minutes of cardiac arrest. A lamp with a 100 watt bulb placed 
5 cm. above the rats prevented this temperature drop. The lamp 
was used routinely on all rats during cardiac arrest and cardio­
vascular assistance.
3.8. Cardiovascular assistance
The three methods of cardiovascular assistance studied were 
1 ) manual abdominal compression, 2) phasic abdominal compression 
with neck constriction and 3) phasic abdominal compression. All 
three methods were based on the principle of the application of 
intermittent external positive pressure to increase venous return 
and vascular resistance.
3.8.1. Manual abdominal compression
Manual abdominal compression applied the technique of abdominal 
pumping used on hypothermic rats by Rogers and Hillman (1970a).
Rats in cardiac arrest for 1 to 5 minutes were laid supine on a 
hard surface. Artificial respiration was begun and pressure was
applied to the upper abdomen bilaterally with the thumbs. The 
abdomen was compressed at a rate of 240 compressions per min.
The blood pressure and heart beat were monitored throughout 
the pumping procedure.
3.8.2. Phasic abdominal compression with neck constriction
The pumping chamber for phasic abdominal compression with neck 
constriction is shown in Figure 1. The apparatus was constructed 
from a Perspex cylinder 18 cm. long and 9 cm. in diameter. The 
cylinder was cut along its diameter into two halves. Inside each 
half was fitted a polythene bag the same length and width as 
the cylinder. Rubber tubing was connected to the bags through holes 
cut in the wall of each half of the cylinder so that the bags could 
be inflated inside the cylinder from an external pressure source.
The rat lay supine inside the two halves of Perspex between the 
polythene bags. Securing tapes on the outside of the cylinder held 
the two halves together tightly. A pressure rise in the bags was 
transmitted directly to the animal. The head, hind limbs, and tail 
protruded from the apparatus through circular holes cut in each end 
of the cylinder and therefore were not exposed to bag pressure. A 
difference in pressure between the thorax and the neck and between 
the thorax and abdomen was created by adding to the apparatus two 
easily removable semicircular pieces of Perspex 5 cm.in length. The 
pieces fitted inside the cylinder halves around the dorsal and ventral 
surface of the thorax of the animal and between the thorax and poly­
thene bags. These chest protectors were rigid and immovable when
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Figure 1. Apparatus for phasic abdominal compression with neck 
constriction. A pressure of 100 mm.Hg was applied 
to the abdomen and neck by inflation of compression 
bags with compressed air at a frequency of 75 cycles 
per minute. Perspex chest protectors shielded the 
thorax from the effects of bag compression.
in place because they slotted into the cylinder on both sides. They 
easily withstood the bag pressures used in the experiments. The neck 
and abdomen were compressed by bag pressure but the thorax remained 
uncompressed. The whole chamber was stabilised by standing it 
horizontally on two platform 'feet'. Electrocardiographic limb leads 
could be attached inside the apparatus. The carotid artery cannula 
and the endo-trachea tube extended outside the apparatus allowing 
easy access.
A diagram of the complete system for phasic abdominal compression 
with neck constriction is shown in Figure 2. The bag inflation ports 
were connected via rubber tubing to a solenoid valve through which 
intermittent pressure could be applied at a frequency determined by a 
signal generator. The square wave from the signal generator activated 
a relay switch which operated the two electromagnets in the solenoid 
valve. The valve ports opened to allow air from the compressor to enter 
the polythene bags and closed to allow the pressure in the bags to 
equalise passively with atmospheric pressure. The compressor supplied 
air at a pressure of 400 mm.Hg which was regulated to 100 mm.Hg in the 
bags.
Rats in cardiac arrest for 1 to 5 minutes were placed in the 
apparatus and given artificial respiration (40/ min.). Phasic 
abdominal compression with neck constriction was applied intermittently 
at a frequency of 75 inflations per minute and a pressure of 100 mm.Hg. 
This frequency was chosen because it was the fastest frequency at 
which the bags could be inflated to 100 mm.Hg and then deflated
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Figure 3 Apparatus for phasic abdominal comppession. Rats in 
cardiac arrest for 1 to 5 minutes were compressed at 
a pressure of 100 mm.Hg and a frequency of 240 cycles 
per min.
passively to atmospheric pressure. Throughout the procedure a table 
lamp with a 100 watt bulb was positioned 5 cm,above the apparatus.
This prevented a drop in body temperature during the period of cardiac 
arrest.
3.8.3. Phasic abdominal compression
The apparatus for external phasic abdominal compression is 
shown in Figure 3. An adult sphygmomanometer cuff was used. The 
anaesthetised rats, lying supine on the table, were carefully pulled 
through the rolled cuff until it covered the body from epigastrium 
to hindlimbs. The loose cuff connections were attached to the 
solenoid valve shown in Figure 2.
Rats in cardiac arrest for 1 to 5 minutes were given artificial 
respiration 15 sec.before the beginning of phasic abdominal compression, 
Compression was applied to the abdomen by the same mechanism described 
in the last section. Air regulated from the compressor inflated the 
cuff to a pressure of 100 mm.Hg. The frequency of phasic compression 
was 75 cycles per minute until the heart had resumed beating and 
had recovered to a rate of 240 beats per minute. At this stage the 
frequency of pumping was increased to 240 cycles per minute. The 
table lamp described in the last section was also used in this method 
to prevent a drop in body temperature during cardiac arrest. Blood 
pressure and heart rate were monitored throughout the assistance 
procedure.
3.9, Studies on phasic abdominal compression
Phasic abdominal compression was adopted as the method for 
further study because it restarted the arrested hearts with minimal 
damage to the lungs. In conjunction with phasic abdominal compression 
was the centripetal injection of vasopressor drugs into the dorsal 
aorta and the measurement of blood and tissue biochemistry.
3.9.1. Intraarterial injection of adrenaline and noradrenaline
Rats in cardiac arrest for one to five minutes were routinely 
given an intraarterial injection of either adrenaline or noradrenaline 
(Levophed) before the beginning of phasic abdominal compression.
Both adrenaline and noradrenaline were injected from a 1 ml. syringe 
into the aorta via the three-way tap and cannula which were tied into 
the right carotid artery. The concentration of adrenaline and 
noradrenaline given was 0.5 yg.in 0.05 ml. saline (1 ; 100,000 solution). 
Because of the necessity to do as little surgery on the rats as possible 
the drugs were injected into the same cannula that was used for measurement 
of aortic blood pressure. Phasic abdominal compression was begun 30 
seconds after the injection of noradrenaline or adrenaline.
Further boluses of 0.5 ug. of the drugs were often injected within the 
first five minutes of compression.
3.9.2. Blood and tissue biochemistry
Biochemical parameters were measured in whole blood and plasma 
and in aortic and cardiac tissues under 4 different conditions:
1. following ether anaesthesia (a)
2. immediately after cardiac arrest (c.a.)
3. ten minutes after the beginning of phasic abdominal compression 
in those rats whose blood pressure rose (b.p.)
4. ten minutes after the beginning of phasic abdominal compression 
in those rats whose blood pressure did not rise (n.b.p.)
POg, PCOg, pH, haematocrit, lactate ion, and glucose were measured on 
whole blood; sodium and potassium ion were measured on plasma. Lactate 
ion, glucose, adenosine triphosphate (ATP), sodium ion, potassium ion, 
and phosphocreatine (PCr) were measured on cardiac tissue. Lactate 
ion, ATP and PCr were measured on aortic tissue.
The blood for the biochemical measurements was drawn from the aorta 
from the cannula used for drug injection and blood pressure measurement. 
The measurement of unstable coumpounds in heart and aortic tissue 
presented special problems. The time taken for removing both the aorta 
and the heart in order to minimise breakdown of high enery compounds was 
critical. The thorax was quickly opened by cutting through the 
ribs from the diaphragm. Then, grasping the aortic arch with forceps 
and cutting through the trachea, the contents of the thorax could be 
stripped from the trachea to the diaphragm with one motion. The whole 
heart was severed from the surrounding tissue and dropped into liquid 
nitrogen. The dorsal aorta was then stripped and the 2 to 3 cm. length 
which lies within the thorax was immediately removed the liquid nitrogen. 
The whole procedure took 25 to 45 seconds. The individual tissues 
were crushed with a mortar and pestle under liquid nitrogen. The
crushed tissue was weighed while still frozen and was homogenised 
at 0°C in a suitable deproteinising reagent for the parameter 
measured.
3.9.3. Methods used for blood and tissue measurements
Blood pH, POg, and PCOg were measured on a direct reading 
electrometer (Instrument Laboratory Incorporated). The blood taken 
from the arterial cannula in a 1 ml. disposable syringe was intro­
duced into the water jacketed measuring chamber of the electrometer. 
The temperature of the blood equilibrated with jacket temperature 
(37°C) after one minute. The blood for pH measurement was aspirated 
into a plastic capillary tube sampler connected to the measuring 
electrode. Approximately 0.5 ml. of blood was needed for measuring 
POg and PCOg and 0.1 ml.for the pH. Before each experiment the 
electrometer was calibrated with gas mixtures of known 0^ and CO^ 
concentration.
ATP in cardiac and aortic tissue was measured by the enzymatic 
method of Bucher (1947). The deproteinising reagent was 0.6 M 
trichloroacetic acid (TCA). Glyceraldehyde 3-phosphate, formed from 
the reaction of ATP with 3-phosphoglycerate and 1,3 diphospho- 
glycerate with diphosphopyridine nucleotide, was measured on a 
Unicam SP 500 Spectrophotometer at 340 my. The reagents were obtained 
from Boehringer Corporation (London) Ltd.
Blood and cardiac sodium and potassium ions were measured on an 
EEL Flame Photometer using a solution of 2 mM Na*, 1 mM K* in TCA
as the calibrating standard. The blood haematocrit was read after the 
whole blood was spun for 5 minutes in a Hawksley haematocrit 
centrifuge.
The method of Barker and Summerson (1941) was used for determination 
of blood and tissue lactate. Cardiac and aortic tissue frozen in 
liquid nitrogen was deproteinised in 0.6 M TCA after being crushed in a 
mortar and weighed. Lactate was converted quantitatively into acetaldehyde 
on being heated with concentrated sulphuric acid. Acetaldehyde plus a 
chromogen (p-hydroxydiphenyl) produced a colour which could be measured 
on the spectrophotometer at 560 my. The standard curve for lactate 
was determined from solutions of lactic acid in TCA containing 3 to 87 
yg. per ml .
Tissue phosphocreatine was measured by the method of Berenblum 
and Chain (1938) with modification by Woodman and HeIIwain (1961).
The technique measured inorganic phosphate. Phosphocreatine in the 
TCA extract was hydrolysed by hydrochloric acid. The phosphate reacted 
with ammonium molybdate to form phospomolybdic acid. The acid 
produced a coloured complex when shaken with stannous chloride. The 
density of the blue colour was measured on the spectrophotometer 
at 700 my. The standard curve for PCr was constructed from solutions 
of PCr in TCA containing 10 to 250 yg. per ml.
Glucose was determined by the method of Werner et al.(1970).
The deproteinising reagent used was uranylacetate because it was 
found that TCA interfered with the colour reaction. Perid reagent 
was purchased from Boehringer Corporation (London) Ltd, The reagent
contained glucose oxidase which catalysed the conversion of glucose 
in the uranylacetate extract to peroxide and gluconic acid. Peroxide 
oxidised the chromogen (Perid) in the presence of peroxidase to form 
a green colour. The density of the colour was measured at 650 my.
The standard curve for glucose was constructed from solutions of 
glucose in uranylacetate containing 500 to 5000 yg,per ml.
CHAPTER 4
Development of the Technique of Abdominal Compression
DEVELOPMENT OF THE TECHNIQUE OF ABDOMINAL COMPRESSION
Manual abdominal compression, abdominal compression with neck 
constriction, and phasic abdominal compression were explored as 
possible techniques for cardiovascular assistance of rats following 
cardiac arrest . The methods were chosen because they all applied 
phasic pressure externally and were non-invasive. The purpose of 
abdominal compression, no matter how applied, was to move pooled 
venous blood in cardiac arrested animals from the upper and lower 
abdomen to the thorax. This would increase venous return, create 
retrograde flow of blood into the aorta and move blood through the 
lungs to the left ventricle.
4.1. Manual abdominal compression
The first experiments performed in the process of developing 
a technique for cardiovascular assistance were to repeat the manual 
compression method of Rogers and Hillman (1970a). They found 
manual compression an effective method of reestablishing a blood 
pressure in hypoxic hypothermic rats. The present experiments 
tested the manual method on normothermic rats after 1 to 5 minutes 
cardiac arrest.
The method (described in Section 3.8.1) necessitated considerable 
energy expenditure by the experimenter and thus could not be continued 
for long periods. The upper abdomen of rats after 1 to 5 minutes 
cardiac arrest were compressed with the thumbs of the experimenter
240 times per minute. Compression was limited to 1 - 2 minutes 
phasic compression applied at intervals of 1 minute. This 
cycled compression was continued for 8 minutes. During compression 
the animals were respired artificially 40 times a minute with 
a 95% Og, 5% COg gas mixture and warmed with a lamp placed 5 cm, 
above the abdomen. It was found that the lamp prevented a 
drop in rectal temperature if it was positioned over the animals 
while they were in cardiac arrest. Aortic pressures and electro­
cardiograms (ECG) were monitored and recorded using the methods 
described in Section 3.6.
Fifteen rats were given manual abdominal compression. Artificial 
ventilation was begun just before manual compression. Artificial 
ventilation produced a 4 mm.Hg rise in aortic pressure with 
each respiration; a 4 to 6 mm.Hg pressure rise above ventilation 
pressure was recorded in response to each manual compression. The 
pressure fell back to zero between compressions. Rises in arterial 
pressure above this level were never recorded during compression and 
no pressure changes above base line level were sustained between or 
after compression in any of the 15 rats studied. Aortic blood flow was 
measured in 4 of 15 rats by collecting blood which dropped from the 
cannula in the aorta during 4 minutes of compression. The left carotid 
artery was ligated during the blood flow measurement. The blood was 
collected in a measuring cylinder and was found to be 0.3 ml, per 
minute. Using the same method a flow of 0.1,ml per minute was 
recorded with respiration alone; only 0.2 mis.per minute therefore 
could be attributed to flow produced by manual abdominal compression.
The ECG showed a deflection of 0.5 niV. which resembled a 
ventricular complex with absent P and T waves. This deflection 
appeared simultaneously with each manual compression but never 
between compressions nor after the completion of compression. It 
also could be elicited by compressing the lower abdomen. It was 
therefore considered to be an artefact of the movement of the body 
on the ECG limb leads during compression. Cardiac contractility 
could not be reestablished in any of the 15 rats studied.
The pallor of the front and hind limbs and the clear bloodless 
colour of the fundi were unchanged by compression. No pupil 
constriction was present and there was no evidence of vascular 
pressure or muscular tone. Unlike the positive effects demonstrated 
by Rogers and Hillman on hypothermic rats manual abdominal compression 
did not induce any cardiovascular response in normothermic cardiac 
arrested rats.
4.2. Abdominal compression with neck constriction
The failure of manual compression to restart the arrested hearts 
or raise intravascular pressure to any significant degree indicated 
that a method of compression had to be designed which could move the 
pooled blood from the abdomen and so raise the blood pressure. The 
capacity of the maximally dilated vascular bed also had to be reduced 
so that a relatively small volume of blood could raise intravascular 
pressure.
The apparatus for abdominal compression with neck constriction
was described in Section 3.8.2. Pressure was applied externally 
to the dorsal and ventral surfaces of the neck and upper and lower 
abdomen by inflating plastic bags with compressed air. The thorax 
was protected from the effects of the pressure by specially designed 
rigid chest protectors. Increasing the external abdominal pressure 
pushed blood from the upper and lower abdomen into the thorax.
Neck constriction at the same time as abdominal compression prevented 
flow of abdominal blood into the head, restricting the area into 
which the blood could flow as well as compressing blood from the
neck into the thorax.
4.2.1. Relationship between external pressure and intraabdominal 
pressure
The relationship between externally applied pressure to the 
abdomen and the rise in deep abdominal pressure was studied by 
measuring the change in colonic pressure with increasing external pressure 
The graph of colonic pressure versus external pressure is shown in 
Figure 4. A balloon made from the finger of a surgical glove was 
inserted 4 cm.into the rectum of a rat. The balloon was connected 
via a T-piece to a mercury manometer and a sphygmanometer inflation 
bulb. The balloon was inflated with the inflation bulb and colonic 
pressures were obtained for each step-wise increase in external 
pressure. The relationship is a linear one with intra-colonic pressure 
measuring 15 to 25 mm.Hg below external pressure. The ratio of
abdominal compression to colonic pressure was 5 : 4 .
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Figure 4 The relationship between the pressure of external 
abdominal compression (mm.Hg) and deep colonic 
pressure (mm.Hg).
4.2.2. Return of cardiac electrical activity with abdominal compression
with neck constriction
Rats in cardiac arrest were laid supine in the apparatus for 
abdominal compression with neck constriction and warmed with a lamp.
The animals were respired artificially 40 times per minute with 
95 per cent 0^, 5 per cent CO^ or 100 per cent 0^. After 4 to 5 
minutes of cardiac arrest abdominal compression with neck constriction 
was begun at a frequency of 75 compressions per minute and a pressure 
of 100 mm.Hg. The frequency determining factor was the mechanical 
phase of bag deflation since it was passive and dependent upon the 
volume of the compression bags.
Thirty to sixty seconds after the beginning of compression 
the hearts of most of the rats restarted. The amplitude of the
QRS complex of the ECG varied widely in different rats. At
amplitudes below 0.3 cm. (0.3 mV.) the ventricular complex could not 
be distinguished from atrial depolarization. Rats whose heart 
beat returned with a deflection greater than 0.3 mV. were classed 
as restarted. Those with less than 0.3 mV. or with no deflection 
were regarded as not having restarted.
4.2.3. Relationship between external pressure and number of
hearts restarted
Abdominal compression with neck constriction was shown in the last
section to restart the arrested rats hearts when applied at a frequency
of 75 per minute and a pressure of 100 mm.Hg. The frequency of com­
pression (75 per min.) was chosen primarily because it was the maximum
rate.at which the compression bags could be inflated to 100 mm.Hg 
and passively deflated. The choice of 100 mm.Hg as the inflation was, 
however, entirely arbitrary. The most effective pressure of 
compression had to be determined, and the criterion for that 
determination was the reestablishment of cardiac electrical activity 
at different external pressures. Pressures of 25 to 150 mm.Hg were 
applied to the neck and abdomen of rats. The number of hearts 
restarting as well as the maximum rate achieved by each restarted 
heart were recorded. The results of the experiments are shown in 
Table 1 below.
Applied
Pressure
(mm.Hg)
No. of 
hearts 
restarted
No. of 
hearts not 
restarted
Max. heart 
rate of
restarted hearts 
(beats per min.)
25 - 50 4 6 122 ± 31
75 3 7 87 ± 23
100 9 1 235 ± 32
150 9 1 143 ± 77
Table 1 The results of the effects of external applied pressure 
(mm.Hg) on the number of hearts restarted and maximum 
heart rate (beats per min.) with abdominal compression 
with neck constriction. Rats were in cardiac arrest 
1-5 minutes (n = 10 in each group). Max.heart rates 
are expressed as means and standard deviations.
Each of 4 groups of rats of similar weight were compressed at 4 
different pumping pressures. Most of the hearts at pressures 
below 100 mm.Hg did not restart while most hearts at pressures of 
100 mm,Hg or above did restart. A pressure of 100 mm.Hg was used 
routinely thereafter because it was the minimum pressure required 
to restart the majority of hearts.
A further group of 33 rats were compressed at a pressure of 
100 mm.Hg and a frequency of 75 cycles per minute. After 30 sec. 
of neck and abdominal compression 29 of 33 hearts resumed beating. 
The heart rate gradually increased to a mean maximum rate of 
189 ± 55 (SoD.) beats per min.
4.2.4. Measurement of aortic and right atrial pressures during 
abdominal compression with neck constriction
The effects of abdominal compression with neck constriction 
on intravascular pressures were studied on rats which had been in 
cardiac arrest for 4 to 5 minutes. The hearts were not beating 
at the time the pressures were measured so any pressure rise 
recorded would be a pure effect of the application of external 
pressures. Arterial pressures were measured in the aorta through 
a cannula inserted through the carotid artery (see Section 3.2.). 
Right atrial pressures were measured through a cannula inserted 
through the right external jugular vein (see Section 3.3.). The 
cannulas extended underneath the neck compression bag from the 
artery or vein to the measuring device. Therefore it was necessary
to test whether direct compression of the cannula would affect the 
recording of the pressure. In one experiment the end of the 
cannula which was inserted into the carotid artery was sealed with 
plasticine. The pressure did not change during compression. In 
another three experiments a 3 cm.length of 1 cm.internal diameter 
plastic tubing was threaded over the arterial or venous cannula 
to protect it from direct bag compression. In this case compression 
of the neck and abdomen produced a measurable rise in pressure.
It was concluded that compression of the cannula itself had no 
effect on the pressure recorded by the transducer.
Aortic pressures at varying external pressures were measured 
on 6 rats and right atrial pressures on 4. The animals were 
artificially respired. The results are shown in Figures 5 and 6 
respectively. Both aortic and right atrial pressures rose in 
response to increased compression pressures. The relationship 
between aortic and external pressure rises is described by the 
regression equation Y = .82X - 7.9 (r = 0.88) and between right 
atrial and external pressure is Y = .78X - 3.2 (r = 0.97). The 
correlation between both was highly significant (p < 0.01). At 
100 mm.Hg external pressure which was routinely used the aortic 
pressure was approximately 74 mm.Hg while right atrial pressure was 
75 mm.Hg.
The pressure rises on both sides of the heart were induced 
artificially by neck and abdominal constriction and were in no way
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Figure 5 Aortic pressures (mm.Hg) at varying bag pressures
during abdominal compression with neck constriction 
(n = 6 ) .  The hearts of the rats were not beating.
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Figure 6 Right atrial pressures (mm. Hg) at different bag pressures 
during abdominal compression with neck constriction 
(n = 4). The hearts of the rats were not beating
indicative of any change in the intrinsic blood pressure of the 
antmal. Since the hearts were not beating and the vascular system 
was still maximally dilated the rises in intravascular pressure did 
not represent any changes in the state of the animal.
4.2.5. Lung histology and corneal clouding after abdominal 
compression with neck constriction
The group of 33 rats described in Section 4.2.3. were given 
external compression with neck constriction at a frequency of 
75 per min. and a pressure of 100 mm Hg. They were respired with 
95 per cent 02,5 per cent COg or 100 per cent Og at a rate 75 per 
minute. The hearts of 29 resumed beating and the heart rate 
gradually increased to a mean maximum rate of 189 ± 55 (S.D.) 
beats per min.. The only blood pressure rises seen were those 
induced by bag compression. The pupils did not constrict and eyes 
and nose were cyanosed and engorged with deoxygenated blood.
No change in limb colour was apparent. Fifteen minutes after the 
beginning of compression the experiment was terminated with the 
hearts still beating. Ventricular arrest occurred within one 
minute of the end of compression.
post mortem examination revealed 2 cases of intraperitoneal 
bleeding from the heparin injection site. The left atria of all 
the animals were engorged with bright red blood but the lungs 
of 30 of the 33 rats were congested and haemorrhaged, especially 
in the area surrounding the pulmonary arteries. In some cases
the damage had completely encompassed the right and left lungs. In 
Figure 7 can be seen photographs of haematoxylin and eosin stained 
8y thick histological sections of the anterior lobe of the right 
lung in the region surrounding the pulmonary artery. Picture A 
showing lung tissue from a dead rat after 15 minutes artificial 
respiration can be compared with Picture B which shows a section 
from the same region in those rats which had had neck and abdominal 
compression. Haemorrhage and congestion seen in the gross lung was 
confirmed histologically along with extensive alveolar collapse in 
those rats which had been compressed. Pulmonary damage was always 
accompanied by corneal clouding.
The results indicated that high right atrial pressures produced 
by abdominal compression with neck constriction forced blood through 
the lungs and into the left atrium. However, the pressure rise in the 
right atrium was high enough to congest and burst the lung capillaries 
over large areas of the lung. Abdominal compression with neck constriction 
raised aortic pressure and reestablished cardiac contractility but its 
effectiveness remains in doubt because of the high incidence of lung 
and corneal damage.
4.3. Phasic abdominal compression
The final method of compression tested for cardiovascular assistance 
of cardiac arrested rats was that of phasic abdominal compression. A 
description of the technique has already been given in Chapter 3 
(Section 3.8.3.). Compression of the entire abdomen from the epigastrium 
to the hind limbs was affected using an adult blood pressure cuff. This
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Figure 7 8y thick sections from the anterior lobe of the right 
lung. The sections were stained with haematoxylin and 
eosin stains.
A = A section from a rat which was respired for 15 min, 
following cardiac arrest.
B = A section from a rat which was respired and given 
abdominal compression with neck constriction for 
15 mins. following cardiac arrest.
C = A section from a rat which was respired and given 
phasic abdominal compression for 15 mins. following 
cardiac arrest.
simple apparatus offered an opportunity to study a system which could 
compress blood into the thorax and head from abdominal reservoirs 
without the extreme rises in right atrial pressures seen with neck 
and abdominal compression.
4.3.1. Relationship between frequency of phasic compression and number 
of hearts restarted
The slow and therefore frequency determining phase of phasic 
abdominal compression was the passive deflation of the cuff between 
compressions. The volume of air necessary to inflate the cuff was 
minimised by winding it tightly before pulling the rat through it and 
by wrapping a cylinder of paper around the outside of the cuff to 
restrict elastic stretch. The small volume enabled the cuff to be 
inflated to 100 mm,Hg and deflated passively at a rate of 240 cycles 
per minute. It was assumed that the fastest rate of pumping possible 
would be the most effective for cardiovascular assistance because it 
more closely resembled the normal rat heart rate. Nevertheless it 
was thought necessary to test the frequency of pumping in terms of 
its effect on restarting arrested hearts.
Each of 5 groups of rats were compressed at one of 5 different 
pressures between 19 and 240 cycles per minute. All of the rats 
had been in cardiac arrest for 4 to 5 minutes and were artificially 
respired with 95 per cent 0^ , 5 per cent CO^ at a rate of 40 
respirations per minute. The pressure of phasic compression was 
kept at 100 mm.Hg in all the experiments. The results are shown in 
Table 2.
Frequency 
of com­
pression 
(per min.)
No. of 
hearts 
restarted
No. of 
hearts not 
restarted
% of
hearts
restarted
Maximum 
heart rate 
of restarted 
hearts (beats 
per mi n.)
19 3 9 25 72 ± 31
37 4 8 33 132 ± 31
75 10 4 71 186 ± 83
120 8 6 57 198 ± 29
240 8 3 72 260 ± 64
Table 2 . The results of the effects of variable frequency of
phasic compression (cycles per min.) on the number of hearts 
restarted and not restarted and the maximum heart rate (beats 
per min.) achieved by the restarted hearts. The rats were 
in cardiac arrest for 4 - 5  min.Maximum heart rates are 
expressed as means ± standard deviations.
A frequency of 240 cycles per min. restarted more hearts in these 
preliminary experiments than any other frequency. The rate responses 
of the hearts at different frequencies showed considerable variation 
as is evidenced by the large standard deviations within each group. 
However if the maximum heart rates were plotted against frequency 
of compression (Figure 8) there was a significant correlation 
between them (p < 0.01).The slope calculated from the frequencies 
and maximum heart rates was Y = 0.65X + 114.2 (r = 0.59). In general, 
the higher the frequency of phasic abdominal compression the greater
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Figure 8 The relationship between frequency of phasic abdominal 
compression (cycles/min.) and the maximum heart rate in 
beats per min. achieved by rats following 4 to 5 mins. 
cardiac arrest (n = 33). Results are expressed as 
means ± S.D.
the number of hearts restarted and the faster the maximum heart rate.
The hearts which restarted at frequencies of 120 and 240 cycles 
per minute had shown rhythmic contraction initially but had suddenly 
converted to high amplitude (1 mV.) ventricular fibrillation just after 
the hearts restarted; 6 of the 8 hearts compressed at a frequency 
of 240 cycles per min. and 4 of 8 compressed at 120 cycles per min showed 
ventricular fibrillation. Only 2 of 10 of the rats compressed at 
75 cycles per min,fibrillated. The fibrillation could always be reversed 
by one or two precordial thumps but fibrillation in such a large number 
of restarted hearts was considered a contraindication for the use of 
a compression frequency of 240 cycles per min. while the heart rate 
was slower than 100 beats per min. A group of 12 rats were compressed 
at a frequency of 75 cycles per minute after 4 to 5 minutes cardiac 
arrest. After the hearts had restarted and attained a rate of 
200-240 beats per minute the frequency of compression was increased to 
240 cycles per minute for the duration of the experiment. All but 
3 of the hearts restarted and only 2 cases of fibrillation were noted.
This method of phasic compression was chosen as the routine method 
of compression of 4 to 5 minute cardiac arrested rats.
4.3.2. Measurement of aortic and right atrial pressures during phasic 
abdominal compression
A pressure of 100 mm.Hg was used in the variable frequency 
experiments described above. It was therefore already apparent that 
100 mm.Hg pressure would restart the majority of hearts at high
compression frequencies. Routine use of 100 mm.Hg depended upon 
the assessment of its effects on right atrial and aortic pressures 
and lung tissues.
The effects of phasic abdominal compression on intravascular 
pressure were studied in rats which had been in cardiac arrest for 
4 to 5 minutes. The hearts were not beating at the time the pressures 
were measured so any pressure rise recorded would be a pure effect 
of the application of external pressure. Aortic and right atrial pressures 
were measured using the transducer assembly described in Section 3.6. 
Arterial pressures were recorded from the cannula inserted through the 
carotid artery into the aorta. Venous pressure was recorded from the 
cannula inserted through the external jugular vein into the right 
atrium. Graphs of aortic pressure and right atrial pressure versus 
varying external pressures are shown in Figures 9 and 10 respectively. 
Aortic pressures were measured on 4 rats and right atrial pressures 
on 3. All the rats were respired 40 times per min. with 95% 0^:
5% COg. The regression equation relating aortic pressure to cuff 
pressure is Y = 0.05X + 10.9 (r = 0.89) and that relating right 
atrial pressure to cuff pressure is Y = 0.045X + 11.4 (r = 0.91).
Both correlations were highly significant (p < 0.001). At 100 mm.Hg 
cuff pressure both right atrial and aortic pressures were approximately 
16 mm.Hg.
4.3.3. Circulation during phasic compression
The only assessment of blood flow during phasic compression was a
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Figure 9 Aortic pressures (mm,Hg) at different cuff pressures 
during phasic abdominal compression (n = 4). The 
hearts of the rats were not beating.
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Figure 10 Right atrial pressures (mm.Hg) at different cuff
pressures during phasic abdominal compression (n = 3) 
The hearts of the rats were not beating.
qualitative one. Uranine fluorescent stain (0.2 ml. of a 1% solution 
in saline) was injected into the right atrium of 4 rats through a 
cannula inserted through the external jugular vein. The animals 
were respired artificially and compressed with the cuff for 15 minutes 
at 100 mm,Hg pressure and 240 cycles per minute. Two of the hearts 
restarted and 2 failed to beat. Examination of the dissected bodies 
after the experiments under an ultraviolet lamp revealed fluorescence 
over the entire vascular system of all 4 rats. Stain was prominent 
in the lungs, heart, aorta and limb arteries. The eyes, nose and 
tips of the paws and toes fluoresced brightly; stain was less 
apparent in the vena cava but blood drawn from it and spread thinly 
over a piece of towelling showed faint fluorescence. Because most 
of the blood in the dead animals was pooled in the veins and the 
inferior vena cava was engorged with deoxygenated blood the stain 
was diluted. This experiment evidenced the fact that there was 
complete circulation of blood during compression no matter whether 
the hearts beat or not.
The dye injection method of determining flow was chosen in 
preference to the usual technique of collecting blood which dropped 
from a cannula in the aorta. If the drop method were used it would 
have been impossible to assess whether the blood dripping from the 
cannula had come from the heart and lungs or whether it was blood 
from the aorta which was being pushed in the retrograde direction 
from abdominal arteries. The dye injection method did not 
quantitate the amount of blood which is circulating through the 
heart and lungs of the cardiac arrested rats but it did establish 
that there was a circulation.
4.3.4. Lung histology following phasic abdominal compression
Postmortem examination of rats compressed for 15 minutes at 
a frequency of 240 cycles per min,and a pressure of 100 mm.Hg 
revealed no apparent macroscopic congestion or haemorrhage of the 
lungs. Sections of lung tissue taken from the anterior lobe of 
the right lung in the region surrounding the pulmonary artery 
following phasic compression can be seen in Figure 7 C. The sections 
were Sy thick and were stained with haematoxylin and eosin stains. 
Comparisons of Section C with Section A which was taken from a dead 
rat which had been respired for 15 minutes but not compressed 
showed no apparent differences.
4.3.5. Phasic abdominal compression of anaesthetised rats
One final test of the method of phasic compression was to look 
at the effects of compression on anaesthetised rats. Obviously , 
any technique which would kill a living anaesthetised rat would not 
assist one in cardiac arrest. Three rats were anaesthetised in the 
routine way (see Section 3.1.) with ether. They were kept under 
the anaesthetic during phasic compression by breathing from a 
container of cotton wool saturated with ether which was placed over 
their noses. While still breathing spontaneously their abdomens 
were compressed with a pressure of 100 mm.Hg and a frequency of 
240 cycles per min. Phasic compression was discontinued after 
5 to 10 minutes. The rats were allowed to revive from the effects 
of the anaesthetic and their behaviour observed. The animals 
suffered no apparent injury from the procedure.
4.4. Conclusion
Phasic abdominal compression, rather than manual compression 
or abdominal compression with neck constriction, was the method 
chosen for further experiments. Manual compression, when applied 
to normothermic rats, showed no positive results indicating useful 
cardiovascular assistance. Abdominal compression with neck 
constriction raised aortic and right atrial pressures by successfully 
forcing blood into the thorax and preventing its escape into the 
head. It also reestablished ventricular contractility in rats which 
had been in cardiac arrest for 5 minutes. However the rises in 
venous pressure which were required to restart the hearts were high 
enough to cause pulmonary congestion and haemorrhage. Phasic 
abdominal compression raised vascular pressures to a lesser degree, 
although this meant that aortic pressures were also lowered. 
Histological examination showed that there was no lung damage with 
phasic compression. Ventricular contractility was reestablished 
in most cases and there was evidence of blood circulation whether 
or not cardiac activity was present. The development of phasic 
compression for phasic external cardiovascular assistance set the 
background for further experiments designed to assess the value 
of the technique for resuscitation of 1 to 5 minute cardiac 
arrested rats.
4.5. Discussion
4.5.1. Manual abdominal compression
Manual abdominal compression raised aortic blood pressure by 
4 mm.Hg and caused a blood flow in the aorta of 0.2 ml, per min, 
in normorthermic cardiac arrested rats. Rogers (1971) used manual 
compression to increase the number of rats recovering from hypoxic 
hypothermic cardiac arrest from 9 to 45 per cent. A repetition 
of his experiments in normothermic conditions to rats dying from 
anaesthetic overdose however did not show the same successful 
results. In experiments in which he measured blood pressure and 
flow while pumping Rogers recorded a rise in aortic pressure of 
15 to 25 mm.Hg pressure with each burst of manual compression 
and an aortic blood flow of 0.9 ml. per min. These blood pressures 
and flow rates were measured while the animals were in hypothermic 
cardiac arrest.
Rogers attributed the success of manual compression to a move­
ment of blood through the heart and lungs decreasing the inertia 
in the sluggish and viscous cooled blood of hypothermic rats.
He also suggested that vascular tone could be induced by mechanical 
stimulation of peripheral arterioles. Rogers did not record how he 
measured blood flow through the heart and lungs. Pressures recorded 
in the aorta and increases in flow during manual compression do not 
necessarily mean that blood has flowed through the heart and lungs 
and raised aortic pressure. Birtwell et ^  (1970) compressed the 
abdomen of anaesthetised dogs at a pressure of 25 mm.Hg synchronised 
with the heart beat. They showed that the increases in diastolic 
pressure and flow during compression were entirely due to the retro-
grade flow pulse in the aorta produced by the application 
of external pressure to peripheral blood vessels.
If the thoracic aorta were occluded during compression then the 
effects of external synchronous compression were completely 
eliminated. Ruiz et ^  (1968) compressed the abdomens of dogs 
with experimental myocardial infarction and recorded increases 
in pulmonary arterial flow and cardiac output. They also recorded 
increases in retrograde flow in the thoracic aorta which was 
greater than the increase in forward flow. Therefore, pressure 
rises and flow increases in the dorsal aorta, especially in rats 
whose hearts are not contracting, must be dependent not only on 
movement of blood through the heart and lungs but also in the 
retrograde direction from abdominal blood pools.
The hypothermic vascular system is obviously more efficient 
at raising aortic blood pressure and increasing flow rates during 
manual abdominal compression than is the normothermic vascular 
system. The rises in aortic pressure (15 - 25 mm.Hg) and the 
increases in flow (0.9 mVmin.) in hypothermic cardiac arrested 
rats were far higher than aortic pressure (4 mm.Hg) and flow 
(0.2 m V m i n ^  recorded in the present experiments. Since manual 
compression was performed in the same manner on the normothermic and 
hypthermic rats the differences must lie in the differences between 
normothermic and hypothermic cardiac arrest. Decreased elasticity 
of resistance vessels and decreased compliance of capacitance vessels 
under hypothermic conditions could account for the relatively higher
blood pressure rises with compression of hypothermic rats. If the 
same volume of blood were injected into a cooled blood vessel as 
into the same vessel at 37°C the pressure would rise higher in the 
cooled vessel, This is because the cold vessel is less distensible 
and therefore less likely to absorb some of the pressure increases 
by increasing its radius (Henry and Meehan, 1971). Shorrock and 
Hillman (1969) showed that the viscosity of rat blood increased between 
the temperatures of 35° and 2°C. It can be presumed therefore that 
the blood of hypothermic rats would be more viscous than normothermic 
rats. Resistance to movement of blood increases as viscosity increases 
so it might be expected that blood flow during manual compression would 
be slower in hypothermic than in normothermic conditions. The 
measurements of flow do not agree with this assumption. The elasticity 
and compliance of the vascular system could therefore be the more 
dominant factor in the determination of flow rates and pressures in 
hypothermic rats.
Rogers (1971) concluded from his work that manual compression 
would not restart the hearts of hypoxic hypothermic rats but could 
assist in reestablishing a circulation when the hearts had restarted. 
The present findings agree that hearts are not restarted in any 
rats under normothermic conditions during or following manual 
abdominal compression. Hypothermic rats generally show a return 
of cadiac contractility as their deep body temperature rises and 
manual abdominal compression can assist the circulation after the 
heart has restarted. Rats in normothermic cardiac arrest are 
unlikely to reestablish cardiac contractility unless more vigourous
measures are taken to raise aortic pressure and increase peripheral 
resistance and venous return.
4.5.2. Abdominal compression with neck constriction
Manual compression (discussed in the last section) did not 
raise aortic pressure in cardiac arrested rats because a low 
external pressure was applied over a small area of the abdomen. 
Abdominal compression with neck constriction raised arterial and 
venous pressures by increasing the area of the abdomen which was 
compressed and preventing retrograde flow of blood into the 
head. It directed blood flow into the thorax. Since the key 
to reestablishing circulation in the cardiac arrested rat 
depended upon restarting the heart, perfusing the coronary vasculature 
and increasing venous return to the right atrium, the movement of 
blood had to be directed into the thorax.
External pressure on the abdomen should be transmitted almost 
completely to the deep abdominal vessels under the area where the 
pressure is applied. Soroff (1963) showed that a rise in
external abdominal pressures produced an equal rise in deep abdominal 
pressure. Gardner (1969) also recorded identical increases in 
peritoneal pressures with external pressure applied. The graph of 
external pressure against deep colonic pressure (Figure 4) does not 
show that colonic pressure exactly equals external applied pressure. 
There is a 15-25 mm.Hg difference between the two. The pressure 
difference is probably due to a delay between the rise in pressure
in the bags and contact between the bags and the abdomen. The 
bags first had to fill the perspex compression chamber before 
the abdomen would actually be compressed.
Abdominal compression with neck constriction raised right 
atrial and aortic pressures most efficiently. A comparison of 
aortic and right atrial pressures (Figures 5 and 6) with intra­
abdominal pressures raised by abdominal compression with neck 
constriction (Figure 4) show that almost all the intraabdominal 
pressure is transmitted to the thoracic blood vessels. This 
meant that an externally applied pressure of 100 mm,Hg which was 
used routinely in these experiments would transmit a pressure of 
approximately 75 mm.Hg directly to the right atrium and aorta. A 
lower pressure of compression of the abdomen and neck would decrease 
right atrial pressure but would also decrease aortic pressure; 
at pressures lower than 75 mm.Hg the hearts of the majority of rats 
do not restart (see Table 1).
The consequences of the rise in right atrial pressure are 
clearly evident. The slides of lung tissue (Figure 7) showed extensive 
damage to the lungs in the area surrounding the pulmonary arteries. 
Horvath and MacCannon(1954) measured mean pulmonary arterial pressure 
in resting subjects and found it to be 1 1 mm Hg. Wood (1958) defined 
pulmonary hypertension as any pressure in the pulmonary artery above 
30 mm.Hg. However, in practice, he found serious hypertension meant 
a pressure at or around systemic arterial systolic pressure. A pressure 
of approximately 75 mm.Hg in the right atrium which was induced by 
neck and abdominal compression would be sufficient to cause pulmonary 
damage. Pulmonary congestion, haemorrhage , and alveolar collapse
were characteristic of rats pumped for 15 minutes with abdominal 
compression with neck constriction. Conditions which cause rises 
in pulmonary arterial or venous pressures such as pulmonary embolus 
or congestive heart failure show similar lung pathology (Selkurt, 
1971).
Pulmonary congestion was, however not the only complication 
associated with high rises in venous pressure. Ninety per cent 
of the rats also showed corneal clouding 15 minutes after the 
beginning of compression. Hazy corneas always occur after cardiac 
arrest. Wroblewski and Ellis (1970) studied corneal clouding in 
dead patients. They found that clouding occurred a minimum 
of 2 hours after death. Simpson (1965) found that clouding 
occurred after 3 hours of death. It is unusual therefore to observe 
corneal clouding within 15 minutes of cardiac arrest. Maurice (1957) 
found that the cornea swells after death. The excess water deranges 
the fibril structure of the cornea so that it scatters more light 
and clouds. He then produced clouding of rabbit eyes by raising 
intra-ocular pressure by syringing water into the vitreous humor.
Bain and Maurice (1959) raised intraocular pressure by inflating 
a sphygmomanometer cuff to 40 mm.Hg around the necks of seated 
subjects. The rise in intraocular pressure was thought to be a 
direct effect of venous pressure rises due to venous occlusion. 
Glaucoma is a well known ailment of the eye which is characterised 
by clouding of the cornea due to rises in intraocular pressures 
(Duke-Elder, 1968). A pressure of 100 mm.Hg applied to the neck by 
abdominal compression with neck constriction would push venous blood 
from the neck into the head and could cause corneal clouding by 
raising intraocular pressures.
Abdominal compression with neck constriction presented an 
anomalous combination of technical characteristics which con­
traindicated its use for cardiovascular assistance of cardiac 
arrested rats. It raised aortic pressures to high levels and 
restarted the hearts. Normally these two effects would be an 
indication that the technique is useful for raising an artificial 
pressure for perfusing the coronary vasculature, thereby restarting 
the hearts. But it also raised right atrial pressures to unaccept­
able levels,caused lung and corneal damage, and was unsuccessful 
at raising the innate blood pressure of the rats. Blood pressure 
measurements during compression were always directly related to 
the external pressure applied and were never dependent upon the 
heart rate of the animal. Fifteen minutes of compression did not 
produce pupillary constriction or any other nervous activity.
Apart from the reestablishment of ventricular contractility abdominal 
compression with neck constriction showed no positive cardiovascular 
assistance.
4.5.3. Phasic abdominal compression
Phasic abdominal compression applied at a pressure of 100 mm.Hg 
and a frequency of 240 cycles per minute to rats dead 1 - 5 minutes 
raised right atrial and aortic pressures. At a pressure of 100 mm.Hg 
both right atrial and aortic pressures were increased to 16 mm.Hg. 
Those pressures were not high enough to damage the lungs or corneas 
of the rats as had been seen with abdominal compression with neck 
constriction (see Section 4.3.4.). Compression at the same frequency 
and pressure did not injure anaesthetised rats. Lewis et al. (1958)
applied external pressures of 75 mm,Hg to the abdomen and lower 
extremities of normal resting subjects and recorded increases of 
25 mm.Hg in pulmonary arterial pressure. The patients involved 
in their study showed no detrimental effects from the procedure.
Gray (1967) measured increases in central venous pressure of
3 mm.Hg after application of external pressures of 80 mm.Hg to the 
abdomen and lower extremities of recumbent normal subjects. Again, 
none of the patients suffered appartent detrimental effects from the 
procedure. Ruiz et ^, ( 1 9 6 8 )  compressed normal volunteers at a 
pressure of 200 mm.Hg synchronised with the heart rate. Central 
venous pressure increased from 2.5 to 8 mm.Hg and the mean aortic 
pressure increased 30 mm.Hg.
There are no reports of the effects of external pressures 
on vascular pressures in cardiac arrested patients or animals other 
than those presented in the present work so comparisons are difficult 
to make. Soroff £t a]_. (1972) managed to raise the aortic blood 
pressure from a mean of 70 to a mean of 100 mm.Hg using external 
pressures of 200 mm.Hg in patients suffering from cardiogenic 
shock. Although these patients were hypotensive their circulations 
were by no means arrested. Changes in aortic and right atrial 
pressures would therefore be dependent on the cardiac output and its 
interaction with the variations in peripheral resistance induced by 
external pressure application. The pressures recorded during phasic 
abdominal compression in animals which have no blood pressure or 
heart beat are obviously independent of either and must be pure effects
of alterations in the calibre of the blood vessels in the abdomen 
and lower extremities. The higher the external pressure the 
more blood is pushed out of the area under the cuff and into the 
thorax.
Phasic abdominal compression restarted the hearts of 72 per 
cent of 4 - 5 minute cardiac arrested rats when applied at a 
frequency of 240 cycles per min,(see Section 4.3.1.). The number 
of hearts restarting and the maximum heart rates achieved by 
those restarted hearts was dependent upon the frequency at which 
the abdomens were compressed. The faster the frequency the 
greater the number of hearts restarted and the higher the maximum 
heart rate. The reasons why external pressure should restart hearts 
or increase heart rates are obscure. Bainbridge (1915) showed 
that increasing right atrial pressure by injecting bolus volumes 
of saline into the right atrium or vena cava caused acceleration 
of the hearts of anaesthetised dogs and could restart the hearts 
of animals whose hearts had been arrested by vagal stimulation.
Since his effect was blocked by atropine Banbridge concluded that 
it was due to a reflex decreasing of vagal tone on the heart stimu­
lated by afferent receptors in the right atrium. Woodward (1962) 
and Fowler (1952) showed independently that raising and tightly 
bandaging the lower limbs of patients whose hearts had arrested 
under anaesthesia would restart the hearts and restore the blood 
pressure. Woodward attributed his results to a Bainbridge type 
reflex induced by a sudden surge of blood from the lower extremities 
into the vena cava. He also conjectured that the reestablishment 
of the heart beat could be due simply to the stretching of the fibres
of the sinu-atrial node. Phasic abdominal compression pushes 
blood into the right atrium and raises right atrial pressure and, 
therefore, could restart the heart by a Bainbridge reflex. Unlike 
the experiments of Bainbridge which, were performed on anaesthetised 
animals phasic compression was given to rats in cardiac arrest.
At cardiac arrest there is no evidence that reflex activity exists. 
The pupils of the eyes are dilated and there is no vascular or 
muscular tone. It is unlikely that the hearts could have been 
restarted by reflex nervous activity. However, raising right 
atrial pressures could initiate sinu-atrial node electrical activity 
by simply stretching right atrial fibres. In that case the frequency 
of nodal impulse formation would be dependent upon the frequency 
of right atrial stretch and therefore the frequency of phasic 
abdominal compression.
It was shown (Section 4.3.3.) that stain injected into the 
right atrium before phasic abdominal compression was circulated 
throughout the cardiovascular system during compression. Stain was 
observed in the coronary circulation whether the heafts were beating 
or not. It is evident that the rise in aortic pressure while 
positive pressure is applied to the abdomen fascilitates some 
degree of coronary perfusion. The restarting of the heart during 
phasic compression could be the result of the rise in aortic 
pressure and coronary perfusion. The Langendorf apparatus clearly 
demonstrates the effects of perfusing the coronary circulation of 
an arrested heart. Cardiac contractility can often be reestablished 
after long periods of cardiac arrest. The frequency of phasic 
abdominal compression could determine the volume of blood which 
perfuses the heart and the degree of recovery which that heart
achieves.
Phasic abdominal compression successfully restarted the hearts 
of 1 to 5 minute cardiac arrested rats and raised intravascular pressures 
without obvious trauma to the lungs. The number of hearts restarting 
and the maximum heart rate are directly correlated with the frequency 
of abdominal compression. Abdominal compression moves blood around 
the entire cardiovascular system even if the hearts of the animals do 
not resume beating. On the basis of these results phasic abdominal 
compression plus centripetal drug infusion were used to assist rats 
in cardiac and circulatory arrest.
CHAPTER 5
Cardiovascular Responses to Excess Ether 
and Phasic Abdominal Compression
CARDIOVASCULAR RESPONSES TO EXCESS ETHER AND PHASIC ABDOMINAL COMPRESSION
5.1 Cardiovascular responses to excess ether
Rats were given an excess of ether to induce respiratory and cardiac 
arrest by the method described in Section 3.1. Similar responses to 
ether excess in all animals studied characterised the process of dying.
One to two minutes before respiratory arrest the fore and hind limbs 
became cyanosed. Spontaneous respiratory movements became shallower and 
weaker, then respiratory arrest occurred suddenly following 7 to 10 
violent respiratory gasps. At arrest the whiskers flexed toward the 
nostrils and the limbs relaxed. The pupils of the eyes began to dilate 
before respiratory arrest and were maximally dilated within 30 seconds 
of respiratory arrest.
5.1.1. Measurement of blood pressure and heart rate during dying
Measurements of arterial blood pressure and heart rate were recorded 
before and after respiratory arrest by the methods described in Section 3.6 
There was a catastrophic fall in blood pressure beginning 0.4 to 0.8 min. 
before respiratory arrest. A recording of the fall in blood pressure 
is shown in Figure 11. The arterial blood pressure fell from 100 (mean 
blood pressure) to 50mmHg. Approximately 0.2 min. following respiratory 
arrest a short-lived rise in systolic blood pressure accompanied by an 
increase in heart rate was always seen (see Figure 11); this was always 
followed by complete collapse of the blood pressure. Figure 12 shows 
a graph of the fall of heart rate and mean arterial blood pressure before 
and after respiratory arrest in 14 rats. The blood pressure fell to zero 
in 2.4+0.74 minutes following respiratory arrest. The heart rate slowed 
slightly before respiratory arrest but fell quickly within the first 
minute_after respiratory arrest. The ventricles continued to contract
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Figure 12 The fall in heart rate (beats per min.) and mean arterial blood 
pressure (mmHg) recorded before and after respiratory arrest 
following ether overdose*
AFigure 13 The ECG during dying. lmv=lcm. Paper speed=50mm/sec.
A=Normal cardiac rhythm. B=Ventricular ectopic beats before 
respiratory arrest. C=Pronounced S wave and increased amplitude 
T wave which precedes A-V block. D=Low amplitude regular 
ventricular beats.
for 5.6±2.2 minutes after respiratory arrest.
5.1.2. The ECG during dying
The amplitude of the QRS complex between respiratory and ventricular 
arrest varied widely. The normal QRS complex had an amplitude of 
0.5-1.2 cm. (0.6-1.2 mv.). Before respiratory arrest ventricular 
extrasystolic beats were often seen. The amplitude of the ectopic beats 
was roughly double that of the normal QRS deflection. Figure 13 shows 
typical ECG recordings taken before and after respiratory arrest; the 
ECG's were recorded on a Sanborn 500 hospital ECG recorder. Following 
respiratory arrest cardiac bradycardia preceded a sudden-onset pronounced 
S wave deflection and increased amplitude T wave. The increase in 
amplitude of the S and T waves could increase the QRS deflection as 
much as 5 times its normal amplitude. This was followed by A-V block. 
Ninety per cent of the hearts monitored arrested suddenly in A-V block 
with either a normal or increased amplitude beat. The other hearts 
continued beating longer and regularly. The amplitude of the QRS complex 
gradually diminished until electrical activity disappeared altogether. 
Generally, hearts which arrested suddenly in A-V block had an amplitude 
of 2 cm. (2 mv.) at the time of arrest. Hearts showing a regular rhythm 
with diminishing amplitude were considered arrested when the QRS 
deflection decreased to 0.3 cm. (0.3 mv.). The time between 
respiratory and cardiac arrest of 24 hearts which arrested in A-V block 
was 4.1±1.3 minutes and in 8 rats which continued contracting rhythmically 
with decreasing amplitude was 6.8±1.3 minutes. The difference between 
the times of arrest was significantly different (p<0.001). None of the 
hearts in the latter group resumed beating during phasic abdominal 
compression.
5.1.3. Artificial respiration after respiratory arrest
Investigations were made into the measures needed to reverse the 
collapse of blood pressure and heart rate which occurred following ether 
overdose. Thirty to forty-five seconds after respiratory arrest from 
excess ether 10 rats were respired artificially with the mouth-to-nose 
method of respiration. The experimenter inflated the lungs by blowing 
down a rubber tube which was fitted over the noses of the animals. In 
all 10 rats artificial respiration always reversed the fall of blood 
pressure and bradycardia. Spontaneous respiration returned within 15 
seconds and was maintained without difficulty. All of the rats recovered 
fully to consciousness. If, however, more than one minute elapsed 
after respiratory arrest (3 rats) then artificial respiration alone was 
ineffective in resuscitating those animals from respiratory arrest.
5.1.4. Injection of noradrenaline between respiratory and cardiac arrest
The fall in arterial blood pressure 0.8 minutes before respiratory 
arrest usually occurred before the beginning of the rapid decline of 
heart rate following anaesthetic overdose. However it was not known 
whether the fall of blood pressure was due to a decrease in myocardial 
contractility or a decrease in arteriolar tone. To investigate this 
question a method was devised to attempt to raise the blood pressure 
between respiratory and cardiac arrest by injecting noradrenaline away 
from the heart into the aorta. In five experiments a cannula (0.4 mm. 
internal diameter) was guided through the left common carotid artery 
and into the dorsal aorta. The cannula was then pushed all the way 
down the thoracic aorta to the level of the diaphragm. By this method 
a drug injected through the cannula would first reach the arterioles 
and would be unable to affect the heart directly until it had circulated 
through the rest of the vascular system.
Excess ether produced the usual effects of falling blood pressure 
and respiratory arrest. Approximately 30 seconds after respiratory 
arrest when the aortic systolic pressure had dropped to 40mmHg lyg of 
noradrenaline in 0.1ml.of saline was injected directly into-the 
abdominal aorta from a 1 ml. syringe connected to the cannula. Thé 
results of one of these experiments is shown in Figure 14. Each time 
the blood pressure fell noradrenaline induced an immediate rise in 
blood pressure. The heart rate did not increase immediately but did 
show an increase approximately 20 seconds after the rise in blood 
pressure. Spontaneous respiration returned in these animals as soon as 
the blood pressure had recovered to normal.
Noradrenaline infusion into the abdominal aorta would not raise the 
blood pressure in 3 rats after it had fallen to 20mmHg (1 minute after 
respiratory arrest). The terminal state between circulatory arrest 
when the blood pressure reaches zero and ventricular arrest, lasting 
approximately 3 minutes, was not responsive either to noradrenaline 
infusion or artificial respiration.
5.2 Cardiovascular responses to phasic abdominal compression
Phasic compression was chosen from the three methods of external 
abdominal compression studied because it gave the most positive 
cardiovascular assistance with the least contraindications. The 
details of those experiments were discussed in Chapter 4. Phasic 
compression was assessed further according to the degree to which it 
could reverse the fall of blood pressure and heart rate as a result of 
anaesthetic overdose. Cardiovascular assistance by phasic compression 
was assessed by measuring return of cardiac contractility, blood pressure, 
and nervous activity at ever increasing times after the initial fall in 
blood pressure. The study involved three sets of experiments:
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1) phasic compression after respiratory and circulatory 
arrest but prior to cardiac arrest.
2) phasic compression after 1 to 2 minutes cardiac arrest.
3) phasic compression after 4 to 5 minutes cardiac arrest.
5.2.1. Phasic compression before the last heart beat
A group of 15 rats was anaesthetised to respiratory arrest in ether 
by the method described in Section 3.4. Artificial respiration with 
95% Og, 5% COg at a rate of 40 per minute and phasic abdominal compression 
at a frequency of 240 per min. and a pressure of lOOmmHg were initiated 
2 to 3 minutes after the blood pressure had dropped to zero but just 
prior to ventricular arrest (approximately 4 minutes after respiratory 
arrest). The results of one of those experiments can be seen in 
Figure 15. Phasic compression evoked an immediate cardiac response.
Within 2 minutes the heart rate increased from a few beats per minute 
to its former normal rate (300-400 beats per minute). The blood pressure 
began to rise after 2 minutes of compression and rose to a mean pressure 
of 100±24mmHg after 3.5 minutes. The blood pressure rose in 11 out of 
15 rats. Although the heart rate increased to its normal rate in the 
other 4 rats, no blôod pressure rise followed the increase in heart 
rate. One of the 4 was found to have intraperitoneal bleeding around 
the subcutaneous heparin injection site. Compression was stopped after 
the blood pressure had risen to lOOmmHg for 3 minutes. Of the 11 which 
recovered their blood pressures, 8 returned to spontaneous respiration; 
the remainder showed no respiratory movements and did not maintain their 
blood pressures after compression was discontinued. Those rats which 
returned to spontaneous respiration were not allowed to recover but 
were again anaesthetised with ether until spontaneous respirations 
ceased.
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A control group of 5 rats were treated in exactly the same way as 
the above group but without phasic compression. They were respired
artificially for 15 minutes beginning at the last few heart beats (2 to
3 minutes after the blood pressure had collapsed). The ventricles 
continued to contract for 27.2±5.7 minutes after respiratory arrest at 
a gradually decreasing frequency. This was significantly longer (p<0.001) 
than the 5.6±2.2 minutes taken for the ventricles to arrest in unrespired 
rats under the same conditions. The heart rates did not increase with 
artificial respiration alone nor did the blood pressure rise. The 
hearts slowed and arrested with a low amplitude beat (0.3 mv.).
Phasic compression begun after the blood pressure had dropped to 
zero but before cardiac arrest following anaesthetic overdose returned 
the heart rates to normal in all of the rats studied. The blood pressure
recovered to lOOmmHg in the majority of cases. Heart rate increases and
blood pressure rises were not seen in animals which were respired and 
not compressed before the last heart beat. Therefore, it was concluded 
that phasic abdominal compression directly induced the recovery of 
heart rate and blood pressure.
5.2.2. Phasic compression after 1 to 2 minutes cardiac arrest
Phasic abdominal compression after 1 to 2 minutes cardiac arrest was 
always accompanied by centripetal injection of adrenaline or noradrenaline 
given intraarterially by the method described in Section 3.9.1. The 
drugs were chosen for their well known vasoactive properties but the 
effects of adrenaline and noradrenaline on the vascular system of cardiac 
arrested animals were not known. Therefore before either drug could be 
used on cardiac arrested rats noradrenaline and adrenaline had to be 
tested for their effects on the blood vessels of cardiac arrested rats. 
Four rats were given excess ether to respiratory and cardiac arrest.
Their abdominal viscera were exposed through a midline incision through 
the peritoneum and the caecum of the gut was displaced from its position 
in the abdomen to a petri dish containing saline. Solutions of lOyg. per 
ml. of adrenaline and noradrenaline in saline were dripped with a Pasteur 
pipette directly onto a small area of the surface blood vessels of the 
caecum. Constriction of the blood vessels was determined by visual 
inspection. A visible decrease in diameter of the small arteries and 
veins displaced the blood within them to surrounding vessels. The veins 
on the caecum showed the effect more clearly because they were engorged 
with more blood than the arteries in dead rats. Noradrenaline and 
adrenaline both retained their vasoconstrictive properties on the 
caecum for at least 30 minutes after cardiac arrest. Noradrenaline was 
used most often with phasic abdominal compression in preference to 
adrenaline because it is a more powerful vasoconstrictor than adrenaline. 
It had already been established (see Section 5.1.4) that the fall of 
blood pressure prior to repiratory arrest following anaesthetic overdose 
was due to massive vasodilation rather than failure of myocardial 
contractility. Therefore noradrenaline was the more suitable.
A group of 46 rats were given phasic abdominal compression with 
centripetal injections of noradrenaline (0.5yg,in 0.05 ml. saline) after 
1 to 2 minutes cardiac arrest. Cardiac arrest occurred 5.6±2.2 min. 
following respiratory arrest due to ether overdose. One minute after 
ventricular arrest artificial respiration was begun at a rate of 40 per 
min. with 95% O^, 5% COg. A few seconds later 0.5yg,of noradrenaline 
in 0.05 ml. of saline was injected centripetally into the aorta from the 
carotid arterial cannula. Phasic abdominal compression was begun as 
soon as possible after the noradrenaline infusion at a frequency of 
240 per min. and a pressure of compression of lOOmmHg. Within 10 seconds 
of the beginning of compression the hearts of 40 of the rats resumed
beating. The heart rate increased within 2 minutes to 200 to 250 beats 
per min. The blood pressures of 26 of the rats rose to a mean pressure 
of 98±24mmHg 3.4+1.7 minutes after the beginning of compression. At the 
time that the blood pressure reached 98mmHg the heart rate had increased 
to 346±53 beats per min. Compression was stopped after the blood 
pressure had been stable for 3 minutes. The animals were sacrificed 
at the tenth minute of compression for biochemical analysis of tissues.
A blood pressure trace from a rat whose blood pressure rose during 
compression following 1 to 2 minutes cardiac arrest is shown in Figure 
16. This can be compared with a blood pressure trace from a 1-2 minute 
cardiac arrested rat whose blood pressure did not rise (Figure 17). In 
Figure 17 the arterial blood pressure trace shows the effect of abdominal 
compression on the carotid pressure. Even though the heart is beating 
and noradrenaline has been infused there is no effect on the blood pressure 
other than the rise and fall of pressure in response to each phasic 
compression. Figure 18 shows a blood pressure trace from a rat whose 
arterial pressure rose in response to phasic compression. The left half 
of the trace shows the blood pressure while compression is being given.
The trace at the right shows the blood pressure immediately following 
cessation of compression. The blood pressure usually fell slightly after 
compression was stopped and was increased back to its former level during 
compression by centripetal injections of 0.5yg.of noradrenaline. The 
regular fluctuations in systolic and diastolic pressure are the effects 
of artificial respiration on the arterial blood pressure.
Four of the 46 rats compressed after 1 to 2 min. cardiac arrest 
showed no ventricular activity. However 20 of the 46 rats did not regain 
their blood pressure even though their hearts were beating at rates of 
250-300 beats per min. during compression. Abdominal compression restarted 
ventricular contraction in 86% of the rats studied and raised the mean
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arterial blood pressure of 56%.
5.2.3. Phasic compression after 4 to 5 minutes cardiac arrest
The experimental procedure for phasic compression of rats after 4 
to 5 minutes cardiac arrest was the same as that for the 1 to 2 minute 
cardiac arrested rats described in the last section. Cardiac arrest 
was induced with excess ether by the method described in Section 3.4. Four 
minutes after cardiac arrest artificial respiration was instituted at a 
rate of 40 per min. with 95% Og , 5% COg. A centripetal intraarterial 
injection of 0.5yg.of noradrenaline in 0.05 ml. of saline was always 
given via the cannula in the aorta prior to the beginning of compression. 
Compression was begun at a frequency of 75 cycles per min. and a pressure 
of lOOmmHg until the heart rate reached 200-250 beats per min. Then the 
rate of compression was increased to 240 cycles per min. with the pressure 
of compression remaining at lOOmmHg. Further infusions of O.Syg,of 
noradrenaline were usually given during the first 2 minutes of compression.
A group of 34 rats were compressed after cardiac arrest of 4 to 5 
minutes. Return of ventricular contraction was observed in 30 of the rats 
within 10 seconds of the beginning of compression. Two minutes later 
the heart rates had increased to 200-250 beats per min. and the frequency 
of compression was theh changed to 240 per min. The arterial blood 
pressures of 19 of the rats began to rise and attained a mean pressure of 
82±15mmHg 3.9±1.4 min. after the beginning of compression. These values 
were not significantly different to those for the return of blood pressure 
in the 1 to 2 min. cardiac arrested rats (see Section 5.2.2.). At the 
time that the blood pressures reached 82mmHg the heart rates were 
approximately 300 beats per min. Compression was stopped after 10 minutes 
and the animals were sacrificed for biochemical measurements. A typical
trace of blood pressure from a rat whose blood pressure rose in response 
to phasic compression can be seen in Figure 19. The frequency of 
compression was changed from 75 to 240 cycles per min. after the heart 
rate reached 200-240 beats per min. Figure 20 shows a trace of blood 
pressure from a rat whose blood pressure did not rise during compression.
A control series of 6 rats were treated in the same way as the 4 to 
5 min. cardiac arrested rats but were not compressed. They were respired 
artificially and infused with boluses of 0.5yg.of noradrenaline following 
4 to 5 minutes cardiac arrest. Ventricular contraction returned in 1 of 
the 6 (192 beats per min.) after the infusion of noradrenaline but no 
beats were recorded in any of the others. There was no blood pressure 
rise in any of the rats.
Phasic abdominal compression of 34 4 to 5 minute cardiac arrested 
rats produced much the same results as compression of 1 to 2 minute 
cardiac arrested rats. A return of heart beat was observed in 88% of 
the animals and of arterial blood pressures in 55%. Control experiments 
showed that noradrenaline infusion intraarterially could restart the heart 
of 1 animal in 6 but no blood pressure rise was observed without phasic 
compression. It was concluded therefore that phasic compression and 
noradrenaline infusion restarted the hearts and raised the blood pressures 
of 1 to 2 and 4 to 5 minute cardiac arrested rats. However 32% of the 
animals did not regain their blood pressures even though their heart rates 
had increased to 250-300 beats per min. during abdominal compression.
5.2.4. Comparison of blood pressure traces in recovering and non-recovering 
animals '
Phasic compression did not raise the arterial blood pressures in 30% 
of the 1 to 2 min. and 32% of the 4 to 5 min. arrested rats even though 
the hearts had resumed beating. The arterial blood pressure traces of
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17 rats whose blood pressures rose during compression were compared 
with the traces of 15 whose blood pressures did not rise. All of the 
hearts had resumed beating at the beginning of compression. Generally, 
the blood pressure did not start to rise above that produced by compression 
until after the first minute in that group whose blood pressures recovered. 
Measurements on both groups between the initiation of compression and the 
first minute showed that the mean blood pressure even before the blood 
pressure began to rise was higher (30.2±8.9mmHg) in the group whose blood 
pressure recovered than in the group whose blood pressure did not recover 
(16.7±7.3mmHg). The difference was highly significant (p<0.001). The pump 
systolic pressures in the first group were 41.9±13mmHg and 25.2±9 in the 
second. The diastolic pressures in the first were 18.4±8.5 and in the 
second were 9.4±3.0mmHg. The systolic and diastolic pressures were 
both significantly higher (p<.001) in the group whose blood pressures 
eventually rose than in that group whose blood pressures never recovered. 
Even from the beginning of compression there appeared to be a higher 
blood pressure in the rats which recovered even though the heart rates 
were approximately the same in the two groups. Figure 21 shows a trace 
of the carotid pressure from a rat whose blood pressure eventually 
recovered; Figure 22 shows a trace from a rat whose blood pressure did 
not recover. Since the conditions of the experiments on both groups were 
exactly the same it must be concluded that the higher blood pressure 
produced by compression and the increase in the intrinsic blood pressure 
were due to some haemodynamic difference between the two groups of rats.
It is also evident that this difference exists at the onset of phasic 
abdominal compression.
5.2.5. Recovery after phasic abdominal compression
Blood pressure rises in 1 to 2 and 4 to 5 minutes cardiac arrested
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rats were described in Sections 5.2.2 and 5.2.3 respectively. The 
majority of rats whose blood pressures recovered were killed for 
biochemical measurements. One group of 35 rats however were cannulated 
using sterile instruments and were allowed to return to spontaneous 
respiration and maximum recovery. There was no difference in the pattern 
of recovery of 1 to 2 and 4 to 5 minute cardiac rats so both groups were 
analysed together.
The heart beat returned in 30 of 35 rats and the blood pressure 
rose to at least lOOmmHg (systolic pressure) in 24 of those. Phasic 
compression was stopped when the blood pressure had stabilized for 3 
minutes. Spontaneous respiratory movements returned in 20 rats 
15.3±9.0 min. after the beginning of compression. The pupils of the 
eyes began to constrict as soon as the blood pressure rose and were 
constricted to approximately normal diameter 5 to 10 minutes later. 
Spontaneous respiration showed Cheyne-Stokes rhythm at first but usually 
reverted to normal respiration.
A major difficulty was encountered when attempting to remove the 
respiration pump after rhythmic spontaneous respiration was fully established 
The respiratory pump was removed from the intra-trachael intubation tube 
but replaced if spontaneous respiratory movements were too shallow or 
infrequent or if the arterial blood pressure fell. In most cases 
spontaneous respiration even though supported by allowing the rats to 
breathe 100% Og from a 2 litre Douglas Bag was not sufficient to keep 
the blood pressure from dropping. Seven of the rats developed respiratory 
rales. Postmortem examination revealed yellow oedema fluid in the lungs 
and bronchii.
Five rats out of the 20 whose blood pressures rose were successfully 
weaned from the respiration pump and were allowed to breathe 100% oxygen
spontaneously. The cannula was removed from the carotid artery and 
the incision in the neck was sewn closed using sterile instruments in 
the 5 rats. All 5 showed a return of the blinking reflex when water 
was dropped on the corneas and the withdrawal reflex in response to 
pinching of the hind limbs after 45 minutes. The nose twitch returned 
by the ninetieth minute after the beginning of compression. One rat 
died at this stage. Postmortem examination revealed intraperitoneal 
bleeding around the heparin injection site. However the other 4 showed 
returning consciousness by attempting to right themselves from the 
supine position.
None of the 4 successfully resuscitated rats were long term survivors 
Three were reanaesthetised with ether and kept unconscious because they 
were still bleeding from their incisions. The incisions continued to 
ooze blood because of the continued effects of heperanization. Three 
rats died after another hour from excess blood loss. The other was 
found to have oedema fluid in the lungs and trachea.
5.3 Discussion
5.3.1. Cardiovascular responses to ether excess
Cardiovascular events leading to cardiac arrest due to an overdose 
of ether showed that respiratory depression produced peripheral cyanosis. 
Acute blood pressure collapse was followed by respiratory arrest, 
bradycardia and eventual cardiac arrest (see Section 5.1.1). Respiratory 
arrest did not occur until the blood pressure had collapsed to 45-50mmHg 
(mean) and the heart rate did not begin to fal1 until respiratory arrest. 
Cardiac bradycardia was therefore preceded by the collapse of the arterial 
pressure.
Ether, in doses sufficient to produce anaesthesia, is generally 
considered to be a ventilatory stimulant (Larson et ^ . , 1969).
M u a l l e m ^  al. (1969) showed that the arterial PCOg was maintained at 
near normal levels in dogs to relatively deep levels of ether 
anaesthesia. They concluded from experiments with vagal and carotid- 
body denervation that ether maintained normal arterial PCOg by a 
direct stimulation of central respiratory mechanisms. However, deep 
anaesthesia produces the opposite effect. Ether overdose depresses 
the respiration by depressing the respiratory centre (Wylie and 
Churchill-Davidson, 1972). Dripps and Severinghaus (1955) found that 
diethyl ether steadily reduced the respiratory minute volume in 
patients whose blood oxygen levels were maintained at normal levels.
They attributed the depression of respiration to a depression of the 
respiratory centre. Anoxia, the secondary effect of respiratory 
depression, further depresses the respiratory centre and produces the 
viscious circle which leads to circulatory collapse and cardiac arrest 
following anaesthetic overdose. Artificial respiration alone was
effective in reversing the fall of blood pressure and reestablishing 
spontaneous respiration thirty to forty-five seconds after respiratory 
arrest (see Section 5.1.3). This is a good indication that the collapse 
of the circulation was precipitated by respiratory anoxia.
5.3.2. Effect of noradrenaline on the failing blood pressure
Experiments in the present study were designed to find whether the 
collapse of blood pressure which preceded respiratory arrest was due to 
a loss of vascular tone or direct depression of myocardial function 
(see Section 5.1.4). Noradrenaline was injected directly into the 
abdominal aorta and thus onto the resistance arterioles of rats whose 
blood pressures had collapsed after ether overdose. The rise in blood 
pressure was immediate (Figure 14) and was always accompanied by a 
return of spontaneous respiration. The results cannot be interpreted 
as a positive inotropic effect of noradrenaline on the myocardium 
because there must be a time delay between the infusion of noradrenaline 
into the abdominal aorta and any direct cardiac effect. The cardiac 
output of a rat the size of the ones used in the study is approximately 
58 mis. per min. (Wostrnann, ft ^.1968). The blood volume of the rat is 
approximately 15 ml. The time between the infusion of noradrenaline 
into the arterial system and any direct myocardial effect would depend 
upon the circulation time. In a rat with the cardiac output and blood 
volume listed above it would take 20 seconds for any myocardial effect 
to be seen. This must be a maximum time since a collapsing circulation 
must mean that circulation time is increasing. Noradrenaline is considered 
in this case to have increased vascular tone by constricting peripheral 
aterioles. The results indicate that myocardial depression, although 
possibly present in acute hypotension after anaesthetic overdose, was 
not the precipitating cause of it.
Whether the fall in blood pressure seen before respiratory arrest 
is due to peripheral circulatory collapse and vascular dilation or to 
a direct depressant effect of ether upon the myocardium remains unresolved 
in the literature. As respiration becomes shallower and more rapid, 
hypotension develops (Cullen and Larson, 1974). Lee and Atkinson (1973) 
found that ether had a depressant effect upon vascular resistance and 
this effect was probably due to depression of the vasomotor centre.
Morrow and Morrow (1961) studied that effects of halothane anaesthesia 
on patients on cardio-pulmonary bypass. In these patients the heart 
and peripheral circulation were physiologically separated. They found 
that halothane directly depressed myocardial contractile force (measured 
by a strain-gauge transducer on the heart) but it also reduced arterial 
pressure by an independent decrease of total vascular resistance.
Brewster et al. (1953) showed that ether exerted a direct depressant 
effect on the myocardium of adrenalectomised dogs. The negative inotropic 
effect on the heart was sufficient to produce cardiac arrest in the dogs 
which could not respond to sympathetic stimulation. However, if normal 
(non-adrenalectomised) dogs were used depression of the myocardium was 
not seen because of increased sympathetic activity. Instead hypotension 
was found to be caused by decreased vascular tone.
5.3.3. The transient recovery of blood pressure during dying
A rise in the arterial blood pressure after the pressure had 
collapsed to 50mmHg often occurred in the first 12 to 15 seconds following 
respiratory arrest (see Figure 11). The rise was not due to any 
experimental procedure and was transient. It was followed by complete 
collapse of the blood pressure and bradycardia. The temporary recovery 
could be the result of a chemoreceptor mediated sympathetic response 
which was reinforced by a complete cessation of baroreceptor activity.
K a h l e r ^ a T _ .  (1962) using extracorporal circulation in dogs found that 
systemic hypoxia resulted in systemic vasoconstriction and increased 
myocardial contractile force. These effects were not seen after 
chemoreceptor denervation. Daly and Scott (1963) showed that perfusing 
carotid body chemoreceptors of dogs with hypoxic blood increased the 
systemic blood pressure. It has been shown also that a blood pressure 
of at least 60mmHg is required before any baroreceptor stimulated 
inhibition of the medullary cardiovascular centre can occur "
(Wright,1973). Green and Neil (1953) recorded a decrease in baroreceptor 
afferent discharge with decreasing blood pressure in dogs. A sudden 
cessation of all baroreceptor discharge plus automic responses to hypoxic 
chemoreceptor stimulation could explain the rise in blood pressure which 
always seems to occur when the blood pressure has collapsed to 50mmHg.
The recovery of blood pressure however could also be due to a 
sudden loss of vagal inhibition of the heart. A sudden increase in 
heart rate always accompanied the transient rise in pressure. At the 
time that the blood pressure is dropping below 50mmHg the pupils of the 
eyes are dilating rapidly. Vagal control could have been suddenly 
released with a resulting sudden increase in heart rate. Levy ejb (1966) 
produced a sudden elevation of left ventricular systolic pressure by 
blocking vagal efferents to the hearts of dogs.
5.3.4. ECG changes during dying
Ether induction and overdose produced extrasystolic ventricular 
contractions. The most common arrhythmias between respiratory and cardiac 
arrest were bradycardia, A-V block, and sudden onset increased amplitude 
S wave with associated increased T wave amplitude. A-V block was 
usually followed by sudden cardiac arrest. Some hearts however continued 
beating regularly with a gradually diminishing amplitude.
Forbes (1966) recorded ECG abnormalities in patients which occurred 
with halothane general anaesthesia. He found that 13% of the patients 
showed ectopic ventricular beats and concluded that halothane causes a 
depression of conduction at the S-A node thereby giving rise to 
multifocal ventricular beats. Kuner et (196 6) found that 62% of 
patients had cardiac arrhythmias associated With anaesthesia. The incidence 
of arrhythmias in those patients was not associated with a previous history 
of cardiac disease. The most common arrhythmias were wandering pacemakers, 
nodal rhythms, and A-V dissociation.
Arrhythmias as a consequence of anaesthetic induction and overdose 
are aggravated by acute respiratory and metabolic acidosis which follows 
respiratory arrest. Austen et (1963) recorded nodal rhythm, 
bradycardia, and sudden cardiac arrest in dogs with acute peripheral 
and cardiac hypoxia produced by the equilibration of the pulmonary 
arterial blood with 80% nitrogen. Stewart et a l . (1965) documented 
typical ECG changes when bull calves were made acidotic with intravenous 
infusions of 0.3M hydrochloric acid. The changes in extreme acidosis 
were usually bradycardia followed by two-to-one heart block, complete 
heart block, and ventricular asystole. With less extreme acidosis they 
found the same S wave depression and T wave elevation as seen in the 
present experiments (see Figure 13).
The relationship between ECG changes and cardiac mechanical function 
is not a direct one. In fact, very little relating to the mechanical 
activity and thus the cardiac output of the heart can be ascertained by 
observation of the ECG. Mazzia (1966) measured femoral arterial and 
left ventricular pressures following the injection of methoxamine 
hydrochloride and disodium acetate intravenously into dogs. Femoral 
arterial and left ventricular pressures decreased from 120 to 40mmHg 
before any alteration in the ECG could be detected. Total loss of cardiac
output was not accompanied by any gross ECG abnormality. Feldman and 
Hillman (1968) observed that the disappearance of the QRS complex in 
dying rats corresponded to the cessation of ventricular contraction.
The effectiveness of the mechanical contraction of the muscle however 
could not be assessed because the animals had had their necks dislocated 
approximately 7 minutes before so haemorrhage into the neck would 
preclude any blood flow at ventricular asystole. Scheuer and Stezoski (1968) 
studied the effects of hypoxia on the isolated rat ECG and found that ECG 
evidence of myocardial hypoxia may be absent while mechanical changes 
are present. They measured decreases in left ventricular systolic 
pressures after 5 minutes of anoxia with no apparent ECG changes.
The alterations in the ECG of dying rats show typical arrhythmias 
that occur with anaesthetic induction and anoxia. The changes however 
cannot be related to the mechanical performance since decreases in 
mechanical performance are often seen without apparent electrocardiographic 
signs of deterioration. Those hearts which arrested suddenly in A-V block 
were certainly not irreversibly arrested because ventricular contraction 
was reestablished by phasic abdominal compression. Those whose hearts 
arrested following a long period of regular, but decreasing amplitude, 
ventricular beats were considered to be irreversibly arrested. None of 
the hearts in the latter condition restarted during phasic abdominal 
compression.
5.3.5. Cardiovascular responses to phasic abdominal compression
Phasic compression at 240 cycles per min. and lOOmmHg pressure 
before the last heart beat increased the heart rates to normal within 
2 minutes in all the rats studied. The blood pressure recovered to 
100±24mmHg (mean) in 11 of 15 animals and spontaneous respiration was
reestablished in 8 of 15. Phasic compression at the same pressure and 
frequency as above after 1-5 minutes restarted the hearts of 88% of the 
rats studied. Two minutes of compression reestablished the intrinsic 
blood pressure of 56%.
The increase in heart rate during compression was probably due to 
an increase in venous return which raised the right atrial pressure, 
stretched the ventricles and increased the cardiac output. An increase 
in cardiac output increases the flow into the coronary circulation 
thereby replacing anoxic blood with oxygenated blood and reversing the 
depression of the atria (Stephensonf 1969). Patterson and > 
Starling (1914), working with the dog isolated heart lung preparation, 
showed that the cardiac output was dependent upon the diastolic filling 
of the ventricles. Each time the right atrial pressure was raised the 
cardiac output increased. The Patterson and Starling effect is subject 
to modification in vivo because of the centrally mediated control of 
cardiac output. However the model is particularly applicable to 
phasic abdominal compression because it must be assumed that there is 
no central influence on the heart at the beginning of compression.
Phasic compression not only increases the venous return but also 
raises the arterial pressure by displacing blood from the abdomen 
backward into the aorta. Birtwell ^  (1970) established that
abdominal compression raised the diastolic pressure in anaesthetised 
dogs by increasing the retrograde flow up the aorta while the pressure 
was being applied. During compression blood pumped from the left 
ventricle would be shunted into the coronary circulation and head 
during the positive pressure phase. Retrograde flow from the aorta 
could also raise pressures in the aortic root and force more blood into 
the coronary circulation. The resultant inflow of oxygenated blood
through the cardiac vasculature could increase the heart rate and the 
force of ventricular contraction.
In the present experiments the intrinsic blood pressure did not 
rise until after the heart rate had increased to 200 to 250 beats per 
min. The rise in blood pressure was a result of a return of vascular 
tone. This is indicated by the fact that the diastolic pressure which 
is a measure of peripheral resistance begins to rise after 2 minutes of 
compression. Whether the increase in tone is locally or centrally 
mediated is unknown. The increased cardiac output produced by the 
increased venous return and the fast heart rate perfused both the 
resistance vessels and the medullary centres of vascular control.
Removal of metabolites controlling local vasodilation in the resistance 
arterioles could have allowed some local autoregulation of arteriolar 
diameter. At the beginning of the blood pressure rise the pupils began 
to constrict. Some autonomic function was evident from this; it is 
possible therefore that the return of blood pressure was at least 
partially centrally controlled.
The aortic diastolic pressures induced by compression were 
significantly higher (see Section 5.2.4) in the group whose intrinsic 
diastolic pressure later recovered than in the group whose intrinsic 
pressure never recovered. It seems that therein lies the basic 
difference between those rats which recover and those which do not. The 
resistance vessels of some rats may take longer to fully dilate than 
others so that tone may not be completely absent in those animals when 
compression is begun. A more likely explanation however is that the 
arterioles of some rats are affected more by the intraarterial noradrenaline 
injection than others.
CHAPTER 6
Biochemical Anaylses of Blood and Cardiac 
and Aortic Tissues after Phasic Abdominal Compression
a. c.a. b.p. n.b.p.
whole blood
POg 81.8 ± 9.8 (10) 5.2 ± 2.8 (6) 167.7 ± 52 (12) 85 ± 47 (12)
PCOg 43.5 ± 6.5 (10) > 90 (6) > 90 (10) > 90 (12)
pH 7.4 ± .045(10) 7.2 ± 0.05(6) 6.9 ± 0.08(13) 6.9 ± 0.1(12)
lactate 0.8 ± 0.2 (7) 3.6 ± 0.6 (6) 6.7 ± 2.3(10) 8.4 ±1.9(12)
glucose 7.6 ± 1.7 (6) 7.3 ± 2.4 (6) 12.7 ± 2.1(10) 8.1 ± 2.9(10)
haematocri t 42.5 ± 0.84(6) 46.0 + 2.1 (6) 45.6 ± 2.4(7) 48.9 ±2.0(7)
plasma
Na* 138.5 ± 3.8 (6) 149.1 ± 7.5 (5) 140.3 ± 3.2(6) 152.6 ± 3.0(8)
K+ 3.6 ± 0.75(6) 7.4 + 1.0 (5) 4.0 ± 0.8(6) 6.9 ± 1.0(8)
heart
lactate 8.4 ± 2.9 (8) 28.0 ± 10.3(7) 14.2 ± 4.0(11) 26.9 ± 6.0(10)
glucose < 0 . 2  (7) < 0.2 (8) 11.4 ± 4.2(11) < 0.2 (8)
ATP 1.9 ± 0.5 (6) 0.42 ± 0.16(6) 1.2 ± 0.27(11) 0.45 ± 0.15(12)
PCr 0.89 ± 0.2 (6) 0.48 ± 0.16(9) 0.58 ± 0.13(10) 0.49 ± 0.15(8)
Na+ 36.4 ± 1.4 (5) 41.5 ± 0.95(7) 38.9 ± 2.9(7) 52.2 ± 2.7(5)
K+ 84.8 ± 2.3 (5) 77.5 ± 1.4 (7) 91.8 ± 5.6(7) 74.9 :± 6.4(5)
aorta
lactate 2.7 ± 0.8 (7) 4.5 ± 1.9 (7) 5.0 ± 1.4(11) 5.4 ± 1.7(10)
ATP 1.2 ± 0.8 (6) 0.2 ± 0.05(6) 0.9 ± 0.3(11) 0.6 ± 0.2(11)
PCr 0.3 ± 0.15(6) 0.11 ± 0.05(5) 0.3 ± 0.08(10) 0.3 ± 0.1(10)
Table 3 Biochemical results are presented as y moles/ml. of whole blood 
or plasma and as y moles per gram (wet wt.) of cardiac or aortic 
tissues. The values are expressed as means ± standard deviations. 
POp and PCOp values are expressed as mm.Hg. The number of rats 
studied in each group is written in parentheses after each value.
BIOCHEMICAL ANALYSES OF BLOOD AND CARDIAC AND AORTIC TISSUES AFTER 
PHASIC AND ABDOMINAL COMPRESSION
6.1. Introduction
The data concerning biochemical changes during dying and 
death is often limited to a scrupulous examination of those metabolic 
alterations between the onset of the vasoconstrictive stage of shock 
and the onset of the final vasodilative stage. Likewise forensic 
data elaborates biochemical changes after several hours of death.
The time between the loss of autonomic activity and up to and in­
cluding the return of blood pressure during resuscitation have been 
neglected. Work is now described in which blood and cardiac and 
aortic tissues were removed during cardiac arrest and phasic abdominal 
compression to determine the haemodynamics and energy state of the 
cardiovascular system of rats at those times. The majority of rats 
subjected to phasic compression after 1 to 5 minutes cardiac arrest 
recovered their blood pressures but others did not. The biochemical 
parameters measured attempt to reflect the metabolic state of the 
animals in both groups.
6.1.1. Conditions of experiments
Blood and cardiac and aortic tissues were removed at 4 different 
times:
1) during anaesthesia from living rats (a)
2) following cardiac arrest (c.a.)
3) following 10 min. phasic abdominal compression from 1 to 5 
minute cardiac arrested rats; their blood pressures rose in 
response to compression (b.p.)
4) following 10 min. phasic abdominal compression from 1 to 5 
minute cardiac arrested rats; their blood pressures did not 
rise in response to compression (n.b.p.).
Hereafter all references to the 4 situations listed above will 
be represented by the abbreviations in parentheses following each.
Tissues from anaesthetised rats (a) were taken before the onset 
of respiratory embarrassment or fall in blood pressure due to 
anaesthetic overdose. Tissues for biochemical analyses of cardiac 
arrested rats (c.a.) were taken between zero and one minute following 
the appearance of the last ventricular complex on the oscilloscope. 
Cardiac arrested rats were subjected to external phasic abdominal 
compression by the method described in Section 3.7.3. Compression 
was given at a maximum cuff pressure of 100 mm Hg and a frequence 
of 240 compressions per minute for 10 min. Regardless of the state of 
the blood pressure blood, cardiac and aortic tissues were removed for 
analysis after 10 min. of compression. It was not possible to 
predict which animals would recover their blood pressures before an 
actual pressure rise was recorded so tissue measurements can only 
reflect the metabolic state at the time of removal of the tissue 
and do not infer that the rise in blood pressure seen in some animals 
was due to a change in one or the other of the biochemical parameters 
measured. Tissue measurements from dead rats served as controls for 
determining the effects of phasic abdominal compression.
The experiments were originally designed to compare 1 to 2 and 
4 to 5 minute cardiac arrested rats in separate groups. In view 
of the similar picture of the recovery of heart beat and blood 
pressure and subsequent findings that the biochemical data were not 
statistically different between the two groups, for brevity and 
clarity the 1 to 2 and 4 to 5 minute arrested rats have here been 
grouped together,
6.1.2. Substances measured and conditions of measurement
Cardiac and aortic tissues were removed from the thorax by 
the method described in Section 3.9.2. They were immediately 
immersed in liquid nitrogen and weighed and homogenised before 
estimation of the various constituents.
Whole blood samples were removed from the cannula tied into 
the aorta with a 1 ml. syringe. All determinations on whole blood 
or plasma were done on arterial blood. The specified quantity 
of whole blood was immediately mixed with the appropriate deprotein- 
ising reagent (see Section 3.9.3) for determination of labile 
constituents. Centrifugation of whole blood samples at 1500 r.p.m. 
for 5 min. provided plasma for other determinations.
Whole blood POg, PCOg, pH, and lactate were measured to determine 
the degree of oxygenation and the acid-base status of the blood. 
Cardiac and aortic lactate, glucose, adenosine triphosphate (ATP), 
and phosphocreatine (PCr) were measured to determine the energy 
metabolism and whether that metabolism was aerobic or anaerobic.
Plasma, cardiac and aortic sodium and potassium ion concentrations 
were determined to assess the eletrolyte balance. A summary of 
the parameters measured can be seen in Table 3. Comparisons 
between groups within each biochemical parameter were made using 
the students t'test. Groups were considered to be significantly 
different if p < 0.02.
6.2. Results 
6.2.1. Whole blood PO2-
The POg of arterial blood of living anaesthetised rats (81.8 ± 9.8) 
was significantly higher (P < 0.01) than that from rats in cardiac 
arrest (5.2 ±2.8). Phasic abdominal compression at a frequency of 240 per 
min, and a pressure of 100 mm Hg was applied to the abdomen for 10 minutes. 
Those rats which recovered heart beat and blood pressure showed a rise 
of POg (167.7 ±52) which was significantly higher (p < 0.001) than 
values from cardiac arrested rats. This rise in PO^ was also significantly 
higher (p < 0.001) than those values measured in living anaesthetised 
rats. This was not surprising since animals were respired with a 95 per 
cent, Og: 5 per cent CO^ gas mixture throughout the period of phasic 
abdominal compression. Those rats which showed no return of blood 
pressure with phasic compression did, however, show a rise in POg 
(85 ± 47) which was significantly higher (p < 0.001) than that of 
cardiac arrested rats. The mean POg under these conditions was not 
significantly different from living anaesthetised rats but the values 
in the former group ranged from 25 to 175 mm.Hg.
6.2.2. Whole blood PCO^
The PCOg in arterial blood taken from living anaesthetised rats 
was 43.5 ± 6.5 mm.Hg. After cardiac arrest the PCOg rose to 90 mm.Hg. 
Phasic abdominal compression was applied to the abdomen for 10 minutes. 
Those rats whose blood pressures rose in response to compression did not 
show a fall in PCOg. Instead the values for PCO^ remained at levels 
greater than 90 mm.Hg. The rats which did not recover their blood 
pressures did not show a fall in PCOg either. Values remained greater
than 90 mm.Hg,
6.2.3. Whole blood pH
Control living anaesthetised values for pH of arterial blood 
were 7.4 ± .045. After cardiac arrest the pH had fallen significantly 
(p < 0.001) to 7.2 ± 0.05. Phasic abdominal compression applied at 
a frequency of 240 cycles per min. and a pressure of 100 mm Hg 
restarted the majority of hearts and caused a rise in blood pressure 
in some rats. Those whose blood pressures rose showed a further 
decrease in whole blood pH (6.9 ± 0.08) which was significantly 
lower (p < 0.001)than the blood pH of the cardiac arrested animals.
Those whose blood pressures did not rise showed also a decrease in 
pH (6.9 ± 0.1) which was significantly lower (p < 0.001) than values 
from cardiac arrested rats. Arterial blood pH after cardiac arrest 
and each stage of phasic cardiovascular assistance was always 
significantly lower (p < 0.001) than the pH of the control anaesthetised 
animals.
6.2.4. Whole blood lactate
Lactate concentrations were measured in arterial blood of living 
anaesthetised and cardiac arrested rats as well as in rats given 
phasic compression for 10 minutes. A mean value of 0.8 ± 0.2 ymoles 
per ml. were measured in anaesthetised animals. After cardiac arrest 
lactate increased to 3.6 ± 0.6 ymoles per ml. This was significantly 
higher (p < .001) than that of living rats. Rats which recovered 
their blood pressure after phasic compression showed a further rise in
lactate (6.7 ±2.3 ymoles per ml.) which was significantly higher 
(p <0.001) than cardiac arrested values. Animals not recovering 
a blood pressure after phasic compression showed an even greater increase 
in lactate than those which did recover under the same conditions. This 
value (8.4 ±1.9 ymoles per ml.) was significantly higher(p < 0.001) than 
in cardiac arrested rats but not significantly different to those whose 
blood pressure rose during compression.
6.2.5. Whole blood glucose
Whole blood glucose determined on 1 ml. blood samples from 
anaesthetised rats was 7.6 ± 1„7 ymoles per ml. of arterial 
blood. At cardiac arrest the value was 7.3 ± 2.4 ymoles per ml. Blood 
glucose for anaesthetised and cardiac arrested rats were not significantly 
different. Phasic abdominal compression of 1 to 5 minute cardiac arrested 
rats increased blood glucose to 12.7 ± 2.1 moles per ml.in those rats 
which recovered their blood pressures. This value was significantly 
higher (p < 0.001) than blood glucose in cardiac arrested rats. Glucose 
values for rats whose blood pressures did not rise with abdominal 
compression showed levels of 8.1 ± 2.9 moles per ml. This value was 
not significantly higher than that of the cardiac arrested animals.
6.2.6. Whole blood haematocrit
The whole blood haematocrit of arterial blood from anaesthetised 
rats was 42.5 ±0.84. After cardiac arrest the haematocrit increased 
somewhat to 46.0 ±2.1. This was a statistically significant increase 
(p < 0.005). Phasic abdominal compression produced a decrease in 
haematocrit (45.6 ± 2.4) in those rats whose blood pressures rose but
an increase (48.9 ±2.0) in those whose blood pressure did not 
recover. The decrease in haematocrit in the former group was not 
significantly different to the haematocrit of cardiac arrested 
group but the latter group showed a further significant increase 
(p <.001) in haematocrit above that of anaesthetised rats.
6.2.7. Plasma sodium ion
The plasma sodium ion concentration increased from 138.5 ± 3.8 
y moles per ml. in anaesthetised animals to 149.T ± 7.5 ymoles per 
ml. in cardiac arrested rats. The increasewas however not significant, 
Ten minutes after the initiation of phasic abdominal compression the 
sodium ion concentration was 140.3 ± 3.2 ymoles per ml. in those rats 
whose blood pressure recovered. Again this was not significantly 
different to either anaesthetised or cardiac arrested values. If 
the blood pressure did not recover the plasma sodium concentration 
rose further (152.6 ± 3.0) but did not rise significantly higher than 
the cardiac arrested values.
6.2.8. Plasma potassium ion
The plasma potassium ion concentration of anaesthetised rats 
was measured as 3.6 ± 0.8 ymoles per ml. At cardiac arrest that 
value rose significantly (p < 0.001) to 7.4 ± 1.0 moles per ml.
Phasic compression decreased the potassium ion concentration to 
4.0 ± 0.8 ymoles per ml. if the blood pressure of the rats recovered. 
This was significantly lower (p < 0.001) than the cardiac arrested 
group. If the blood pressure did not return however the potassium
ion concentration remained high (6.9 ± 1 . 0  ymoles per m l ) and was 
not significantly different to the concentration in cardiac arrested 
rats.
6.2.9. Cardiac lactate
The hearts of anaesthetised and cardiac arrested rats as well 
as hearts from those which had or had not recovered their blood 
pressures during phasic abdominal compression were excised within 
1 minute and immediately frozen in liquid nitrogen. They were then 
crushed and homogenised. The lactate concentration in anaesthetised 
rats was 8.4 ± 2.9 ymoles per gram of heart. The concentration after 
cardiac arrest was 28.0 ± 10.3 ymoles per gram. The two groups 
(anaesthetised and cardiac arrested) were significantly different 
(p < 0.001). Phasic abdominal compression was applied for 10 
minutes at a frequency of 240 cycles per minute and a pressure of 
100 mm,Hg to 1 - 5 minute cardiac arrested rats. After 10 minutes 
the lactate in cardiac tissue in those whose blood pressures rose 
in response to compression was 14.2 ± 4.0 ymoles per gram. It was 
significantly lower (p < 0.01) than that measured in the cardiac 
arrested group. If the blood pressure did not rise in response 
to compression the lactate concentration was 26.9 + 6 ymoles per 
gram which was not significantly different to the cardiac arrested 
group.
6.2.10. Cardiac glucose
Glucose could not be detected in the cardiac tissue of anaesthetised 
or cardiac arrested rats. The values given for cardiac tissue under
these two conditions (< 0.2 ymoles per gram) is less than the 
minimum concentration which could be determined using the Perid 
Method for glucose determination (see Section 3.9.3.). Phasic 
abdominal compression produced an easily measurable increase in 
the glucose content of cardiac tissue (11.4 ± 4.2 ymoles per 
gram). The increase was only seen if the blood pressure of the 
animals rose. The rats which did not show any increase in blood 
pressure during 10 minutes of phasic compression did not show a 
measureable cardiac glucose concentration either. This group was 
therefore also recorded as containing < 0 . 2  ymoles per gram of 
heart.
6.2.11. Cardiac ATP
Cardiac ATP in anaesthetised rats was 1.9 ± 0.5 ymoles per 
gram. After cardiac arrest the concentration fell to 0.42 ± 0.15 
ymoles per gram. The difference was highly significant (p < 0.001). 
Phasic abdominal compression was applied for 10 min. and the ATP 
concentration determined in the hearts of those rats whose blood 
pressure recovered. The ATP concentration was 1.2 ± 0.27 ymoles per 
gram which was significantly higher than the cardiac arrested value 
(p < 0.001). If the blood pressure did not recover following phasic 
compression the ATP concentration remained low at 0.45 ± 0.15 ymoles 
per gram. It was significantly lower than in the anaesthetised 
group (p < .001) but not significantly different to the cardiac 
arrested group.
6*2:12. Cardiac sodium ion
The cardiac sodium ion concentration of anaesthetised rats 
was measured as 36.4 ± 1.4 ymoles per gram of cardiac tissue. The 
concentration increased to 41.5 ± 0.95 ymoles per gram after 
cardiac arrest. The difference between the groups was small but 
nevertheless highly significant (p < 0.001). If the blood pressure 
rose in response to phasic abdominal compression the cardiac sodium 
ion concentration was 38.9 ± 2.9 dmoles per gram. It was higher 
than the living anaesthetised value but lower than the cardiac 
arrested value and was not significantly different to either group. 
If the blood pressure did not rise in response to phasic 
compression the sodium ion concentration was 52.2 ± 2.7y moles 
per gram of heart. It was significantly higher (p < 0.001) than 
the cardiac arrested concentration and therefore also significantly 
higher, (p < 0.001) than the concentration in the anaesthetised 
group.
6.2.13. Cardiac potassium ion
The cardiac potassium concentration of anaesthetised rats was 
84.8 ± 2.3 ymoles per gram. After cardiac arrest it fell to 
77.5 + 1 . 4  ymoles per gram. The two values were significantly 
different (p < 0.001). Phasic abdominal compression was applied 
for 10 minutes to 1 - 5 minute cardiac arrested rats. If the blood 
pressure rose the potassium ion concentration in cardiac tissue 
increased above cardiac arrested levels to 91.8 ± 5.6 ^moles per
gram and was significantly higher than cardiac arrested values 
(p < 0.001). In that group in which the blood pressure failed to 
rise in response to phasic compression the potassium concentration 
was 74.9 ± 6.4 ymoles per gram. It was not significantly different 
to cardiac arrested values.
6.2.14. Cardiac PCr.
PCr was measured in the hearts of anaesthetised rats and was 
measured as 0.89 ± 0.2 ymoles per gram. Following arrest it fell 
by half to 0.48 ±0.16 ymoles per gram. The two were significantly 
different (p <0.001). The PCr concentration did not increase 
significantly above the cardiac arrested value during phasic 
abdominal compression. After 10 minutes of compression the PCr was 
0.58 ± 0.13 ymoles per gram of heart if the blood pressure rose.
The PCr was 0.49 ± Oil5 ymoles per gram if the blood pressure did 
not rise.
6.2.15. Aortic lactate
The thoracic aorta was removed and placed in liquid nitrogen 
for determination of the arterial lactate ion concentration. In 
anaesthetised rats the lactate . concentration was 2.7 ± 0.8 ymoles 
per gram. At cardiac arrest the value increased to 4.5 ± 1.9 ymoles 
per gram. Because of a wide range in these measurements the two 
were not significantly different. A group of 1 - 5 minute cardiac 
arrested rats was given phasic abdominal compression for 10 minutes 
at a frequency of 240 cycles per minute and a maximum pressure of
TOO mm,Hg. Those animals which showed an increase in blood pressure 
had an aortic lactate concentration of 5.0 ± 1.4 ymoles per gram. It 
was significantly higher (p <0.01) than the value from anaesthetised 
rats but was not different to the cardiac arrested group. If the 
blood pressure did not rise in response to phasic compression the 
lactate ion concentration was 5.4 ± 1.7 ymoles per gram. It was 
significantly higher than anaesthetised values (p < 0.001) but not 
significantly different to the cardiac arrested group.
6.2.16. Aortic arterial ATP
The aortic ATP concentration in anaesthetised rats was 
1.2 ± 0.8 ymoles per gram. After cardiac arrest that value fell to 
0.2 ± 0.05 ymoles per gram. The two were significantly different 
(p <0.02). Phasic compression was applied to 1 to 5 minute cardiac 
arrested rats. If the blood pressure rose in response to compression 
the aortic ATP concentration was 0.9 ± 0.3 ymoles per gram. That 
concentration was significantly higher than the ATP concentration 
measured in cardiac arrested animals (p < 0.001) and was not 
significantly different to living anaesthetised values. The ATP 
concentration when the blood pressure did not rise was 0.6 ± 1 . 9  
ymoles per gram. It was significantly higher than in the cardiac 
arrested rats (p < 0.001).
6.2.17. Aortic PCr
The PCr of anaesthetised rats was found to be 0.3 ± 0.15 ymoles 
per gram of aortic tissue. In cardiac arrested rats that value fell 
to 0.11 ± 0 . 0 5  ymoles per gram. The second value was significantly
lower (p < 0.02) than the first. Phasic compression for 10 minutes 
restored the PCr concentration in aortic tissue to the levels 
measured in anaesthetised rats. If the blood pressure rose in 
response to compression the PCr value was 0.3 ± 0.08 ymoles per gram 
and if the blood pressure did not rise the value was 0.3 ± 0 . 1  ymoles 
per gram. Neither of these last two were significantly different to 
the concentration in the anaesthetised group and were both significantly 
higher (p < 0.01) than the concentration in cardiac arrested rats.
6.3. Discussion
6.3.1. Whole blood PO^
Respiratory insufficiency induced by deep ether anaesthesia 
precipitated the fall in PO^ observed in the arterial blood of 
cardiac arrested rats. The institution of phasic abdominal com­
pression at a frequency of 240 cycles per minute and 100 mm.Hg 
pressure caused a significant increase in PO^ in those rats whose 
blood pressure rose as well as in those whose blood pressure did 
not rise. The rise in POg was less marked in that group which did 
not recover its blood pressure.
Anaesthetics in general depress respiration, thereby decreasing 
the tidal volume until respiratory acidosis develops. Pepelko 
and Dixon (1975) measured a mean arterial P0£ of 91.8 mm.Hg in 
unanaesthetised albino rats. This value was higher than that recorded
in this study and indeed was higher than the value of 71.8 mm.Hg
recorded by Pepelko (1972) in rats anaesthetised with sodium pento- 
barbitol. Some fall in POg with spontaneous respiration does occur 
even with light anaesthesia.
Following respiratory arrest and consequent anoxic circulatory 
arrest the POg values fall to near zero and cannot be restored until 
the restoration of adequate ventilation and perfusion of the alveoli. 
Phasic abdominal compression with artificial respiration obviously
fulfil both prerequisites of ventilation and perfusion. The mean
arterial POg of rats given abdominal compression was higher than 
that of the cardiac arrested group. The mean POg of those rats whose 
blood pressure did not recover was also significantly higher than the
cardiac arrested group but was significantly lower ( p <  0,001) than 
those whose blood pressure did recover. The hearts were beating at 
approximately the same rate in both groups after the beginning of 
compression. Therefore, all other parameters being equal in those 
who recovered and did not recover their blood pressures, the sig­
nificantly lower POg in the latter group was probably the result of 
a slower alveolar blood perfusion. Alveolar perfusion, as reflected 
by a rise in POg in the arterial blood of those rats whose blood 
pressure did not recover, was not completely absent however even 
though there was no recordable arterial blood pressure rise in any 
of the animals.
Rats which were given phasic abdominal compression were respired 
artificially with a 95 per cent 0^, 5 per cent COg gas mixture.
The partial pressure of oxygen in that gas mixture was approximately 
650 mm.Hg. The POg of arterial blood in the rats respired with that 
gas mixture should approach that value (Comroe, 1965). The POg 
did not rise above a mean of 167.7 mm.Hg in the group whose blood 
pressure recovered. The discrepency between the POg of inspired 
oxygen and the POg of arterial blood could be due to inadequate 
ventilation of the rats during cardiovascular assistance or to a 
reduction in the diffusion of oxygen into the blood at the alveolar 
level. Visual inspection of the thorax showed that the lungs were 
inflating maximally with each stroke of the ventilation pump. A 
reduction diffusion capacity can be the result of post-resuscitation 
'shock lung' syndrome. Patients suffering from shock lung however 
show typical pathological lung changes, including gross congestion, 
oedema and thromboembolism (Kamada and Smith, 1972). Lung sections
studied after 15 minutes of phasic abdominal compression (see 
Section 4.3.4.) showed no evidence of the immediate development of 
shock lung. The possiblity must therefore still exist that the 
rate of lung ventilation (40 per min.) was not high enough to 
oxygenate the volume of blood moving through the lungs. This would 
reduce the ventilation - perfusion ratio and account for the low 
arterial PO^ value. Sukumalchantra et _al_. (1970), however, also 
measured rises in PO^ in arterial blood in patients breathing 100 
per cent Og through a face mask following acute myocardial 
infarction. The patients did not show any symptoms of the shock 
lung syndrome but the rise in arterial POg with inhalation of 
oxygen was far below the expected value. They did not attribute 
the lack of response to oxygen to alveolar hypoventilation but 
to shunting of venous blood through the lungs around fluid-filled 
lung segments. Patients who improved following myocardial infarction 
also showed increased arterial POg rises with inspiration of 100 per 
cent, oxygen. Little (1972) studied the effects of ventilation 
of patients with 100 per cent oxygen following traumatic chest 
injury. Some of the patients failed to show a normal rise in oxygen 
tension. He suggested that hypoxia in chest injury was due to 
pulmonary oedema or to failure of oxygen to enter the blood perfusing 
atelectatic areas of the lung.
6.3.2. Whole blood PCOp
Control PCOg values from anaesthetised rats were similar to 
values measured by Altland et al,(1967) in uanaesthetised rats. At
cardiac arrest the PCOg rose 90 mm.Hg and remained high throughout 
the procedure of cardiovascular assistance with phasic abdominal 
compression, no matter whether the blood pressure recovered or not. 
PCOg reduction was not an essential prerequisite for the rise in the 
blood pressure to occur during phasic compression.
PCOg levels as high as those recorded after cardiac arrest are 
often seen in patients suffering from respiratory acidosis (Brooks^ 
1967). The PCOg increases with increasing depth of anaesthesia so 
that the initial cause of the decreasing blood pressure proceeding 
cardiac standstill is progressive respiratory acidosis (Cullen and 
Larson, 1974). Ten minutes after the beginning of compression the 
PCOg still indicated acute respiratory acidosis. Chazan et al .
(1968) found PCOg values of 88-100 mm.Hg in patients following 
resuscitation from cardiac arrest. They concluded that the high 
PCOg was the result of respiratory acidosis. Patients suffering 
from metabolic acidosis after cardiac arrest showed a decreased pH 
but a normal PCOg.
6.3.3. Whole blood pH
The pH of arterial blood fell from 7.4 in anaesthetised rats 
to 7.2 in cardiac arrested rats. Phasic abdominal compression further 
decreased the pH significantly below that of the cardiac arrested 
group. This was true whether the blood pressure rose or not. The 
results indicate a considerable degree of respiratory or metabolic 
acidosis or both after 10 minutes of compression regardless of the 
blood pressure status of the animal. The pH of arterial blood of
anaesthetised rats was similar to that measured by Altland et a L  (1967) 
in unanaesthetised rats. Swann and Brucer (1949) studied anoxic death 
in dogs from the inhalation of pure nitrogen. The pH values measured 
by them on anaesthetised dogs and after the collapse of the blood 
pressure to zero are the same as those recorded here. Acidosis is the 
inevitable consequence of the collapse of the circulation for even a 
brief period. The usual treatment for acidosis in patients is the 
administration of sodium bicarbonate.
6.3.4. Whole blood lactate
The lactate concentration in the blood was 4 times higher in the 
cardiac arrested rats than in the anaesthetised rats. Phasic abdominal 
compression for 10 minutes increased the lactate concentration further 
to twice the value in the cardiac arrested group. This was true whether 
the blood pressure rose or not. The increase at cardiac arrest was 
indicative of anaerobic metabolism occurring between respiratory and 
cardiac arrest. The further increases with phasic compression were 
either the result of continued anaerobic metabolism during compression 
or were the result of the wash-out of lactate from the tissues into the 
blood after the circulation was reestablished.
Altland et (1967) measured lactate in the blood of unanaesthetised 
rats. They found the concentration to be 1.39 ^moles per ml. The rats 
were then exposed to an oxygen atmosphere of 4.9 per cent. The lactate 
concentration in the blood of the hypoxic rats rose to 4 ymoles per ml.
Cain (1965) found a lactate concentration of 0.79 ymoles per ,ml. of blood 
in anaesthetised dogs. Following inspiration of low concentrations of
pxygen the concentration rose to 6 y moles per ml. Eldridge (1966) 
recorded lactate levels of 14.7u moles per ml. in patients with 
pulmonary insufficiency who had PO^ values lower than 50 mm.Hg.
Lorentzen (1962) measured lactate concentrations of 7 y moles per 
ml,in normal human subjects following exercise at high altitudes. 
Increases in blood lactate are the expected consequences of hypoxia.
The major insult of cardiac arrest followed by phasic external 
compression should be expected to increase anaerobic metabolism 
and raise blood lactate to high levels.
6.3.5. Whole blood glucose
The whole blood glucose measured in anaesthetised rats did not 
change when measured in cardiac arrested rats. It did however 
increase significantly if the blood pressure returned during 10 minutes 
of phasic abdominal compression. If the blood pressure did not rise 
during compression the glucose concentration did not rise significantly 
above that recorded in the anaesthetised or cardiac arrested groups.
The whole blood glucose of anaesthetised rats was higher than other 
reported values for whole blood glucose. Engel et (1943) recorded 
levels of 4,4 ymoles per ml. in anaesthetised rats. Green et al.
(1949) found a glucose concentration of 5.4 moles per ml in normal 
adult subjects. The higher value recorded here in anaesthetised rats 
(7.6 moles per ml) as well as the rise if the blood pressure recovered 
during phasic compression can be explained by adrenaline beta activity 
at those times. Green et (1949) measured 3 fold increases in blood 
glucose in patients following traumatic shock. The blood glucose 
levels varied according to the severity of the injury and the fall in 
blood pressure and rise in pulse rate. McShan et al^ . (1945) recorded
glucose levels of lOymoles per ml. after experimental traumatic shock 
in rats. Engel ^  (1943) found that haemorrhagic shock in rats increases
the blood glucose and that the hyperglycaemia was most marked in rats 
with a higher liver glycogen level. Berk et (1970) believed the 
rise in blood glucose during stress to be due to catecholamine release 
and that the release of glucose from tissue glycogen stores overbalanced 
the metabolic factors of utilization during shock. Halmagyi et £l^ . (1967) 
showed that the rise in blood glucose which occurs during shock can be 
prevented by premedication with a ganglionic blocking agent or by 
surgical denervation of the adrenal medulla.
The rise in blood glucose in arterial blood after phasic compression 
in those rats whose blood pressure rose is evidence of glycogenolysis 
and release of glucose into the circulating blood. The blood glucose 
did not increase if the blood pressure did not rise. Either glycogenolysis 
does not occur if the blood pressure did not rise or there is not 
sufficient blood perfusion of glucose-releasing organs to remove newly 
synthesized glucose.
6.3.6. Plasma sodium and haematocrit
The sodium concentration in the plasma of anaesthetised rats was 
138.5ymoles per ml. Rogers (1971) measured a plasma sodium concentration 
of 140ymoles per ml. in anaesthetised rats. Darrow and Miller (1942) 
measured serum sodium levels of 148ymoles per ml. in albino rats.
Following cardiac arrest the concentration did not change significantly. 
Phasic compression for 10 min. did not produce any alteration in the 
sodium concentration in those rats whose blood pressure rose but a 
significant increase in sodium occurred in those whose blood pressure
did not rise. It would be expected that the sodium ion concentration 
would decrease at cardiac arrest because of the movement of sodium 
into the tissues from the plasma. Sodium values however did not show 
a decrease; instead they increased as the haematocrit increased. The 
haematocrit increased significantly at cardiac arrest. After phasic 
abdominal compression the haematocrit was not significantly different 
to the anaesthetised value in those whose blood pressure rose and was 
significantly higher than in anaesthetised rats in those whose blood 
pressure did not rise. The changes in sodium concentration appear to 
reflect the haemoconcentration in each group.
Altland et (1967) demonstrated an increase in haematocrit in 
rats rendered hypoxic while breathing 4.9% oxygen. Edwards et aj^ . (1954) 
found an increase in the haemoconcentration following experimental 
haemorrhagic shock in dogs. Hollenberg et a^^ . (1970) attributed the 
increase of haematocrit following haemorrhagic hypotension to loss of 
fluid from the intravascular compartment due to an increase in capillary 
permeability. Mel lander and Lewis (1963) suggested that the increased 
haematocrit in cats following haemorrhagic shock was due to a derangement 
of the peripheral circulation. During haemorrhagic shock there was 
impairment and eventually abolition of the resistance and capacitance 
vessels to intraaterial infusion of noradrenaline. The precapillary 
response was abolished before the post capillary response so there was 
a net outward movement of capillary fluid into the extravascular spaces 
when noradrenaline was infused. Increasing haematocrit is one of the 
usual symptoms of irreversible shock following major cardiovascular 
insult.
The changes in the sodium concentration seen in the present 
experiments suggest that sodium is not being lost into extravascular
tissues but is instead remaining stable. The apparent increases 
during phasic compression could be a reflection of the increasing 
haematocrit. Brooks et (1963) in experiments on dogs showed that 
the fall in plasma sodium occurring during haemorrhagic shock did not 
begin immediately. In fact it occurs only at the point where irreversible 
shock commences. The fall in sodium concentration began after the 
increase in the plasma potassium concentration. Smith and Moore (1962) 
studied irreversible hypotension in patients following haemorrhagic 
shock. They found that the haematocrit increased in most patients and 
that the sodium concentration fell in some patients but remained stable 
in others.
6.3.7. Plasma potassium
The plasma potassium ion concentration was 3.6ymoles per ml. in the 
plasma of living anaesthetised rats. After cardiac arrest the potassium 
concentration increased significantly. If the blood pressure rose 
during phasic compression potassium returned to the living anaesthetised 
value and was significantly lower than the cardiac arrested value.
Potassium remained at the cardiac arrested level if the blood pressure 
did not rise in response to phasic compression.
Darrow and Miller (1942) measured the plasma potassium concentration 
of living anaesthetised rats as 4.2ymoles per ml. Brooks"(1967) found 
that increases in plasma potassium were always associated with 
haemorrhagic shock or with a mild degree of anoxia. Abrams £t (1951) 
studied the effects of metabolic acidosis on the plasma potassium of 
dogs. Scribner et al. (1955) studied the effects of respiratory acidosis on 
the potassium concentration of dogs. They both found that acidosis
(metabolic or respiratory) resulted in a shift of potassium from the 
cells to the extracellular space. The increases in potassium in the 
extracellular space are the result of the failure of active transport 
in the low energy state associated with haemorrhagic shock or anoxia.
In the present experiments plasma potassium increased after 
cardiac arrest compared with that of anaesthetised rats. Adequate 
oxygenation and a return of aerobic metabolism as seen in those rats 
whose blood pressure recovered after cardiac arrest resulted in a 
return of potassium to control anaesthetised levels. If the blood 
pressure did not recover then the potassium remained high, suggesting 
that there was no improvement in the low energy state seen at cardiac 
arrest.
6.3.8. Cardiac lactate
'I
The cardiac lactate increased at cardiac arrest to more than three 
times the value measured in anaesthetised rats. Phasic abdominal 
compression for 10 minutes produced a significant fall in cardiac lactate 
back to twice anaesthetised values if the blood pressure rose. If the 
blood pressure did not rise the lactate did not differ from cardiac 
arrested values.
The lactate concentration increases as anaerobic energy production 
increases. Rats in cardiac arrest should show an increase in lactate 
in those muscles which have been functioning under anoxic conditions. 
Therefore it is not surprising to see an elevated lactate in the cardiac 
muscle; nor is it surprising to see a decrease in cardiac lactate after 
adequate oxygenation of the hearts has been reestablished during phasic 
compression. Glaviano (1965) measured lactate in dog myocardium during 
acute myocardial anoxia produced by clamping of the pulmonary artery.
The result was an increase in lactate within 2 minutes to twice the 
control value. Benson et (1961) measured lactate concentrations 
in the isolated working hearts of dogs before, during and after anoxic 
cardiac arrest. The lactate increased 2 to 3 fold in the anoxic arrested 
heart compared to the oxygenated control preparation. After the hearts 
were reoxygenated the lactate concentration fell. Scheuer and Stezoski (1968) 
found similar results with an isolated anoxic rat heart preparation.
They found that lactate efflux from the myocardium closely followed 
decreases in high energy phosphates during the anoxic period. Subsequent 
recovery after the anoxic period showed rises in myocardial high energy 
phosphates accompanied by a fall of myocardial lactate.
In the present experiments recovery of the blood pressure plus 
adequate increases in oxygenation of the arterial blood promoted recovery 
of the myocardium to aerobic energy metabolism. If the blood pressure 
did not recover the lactate continued to rise with no evidence of 
recovery of aerobic metabolism.
6.3.9. Cardiac glucose
Cardiac glucose was not measurable in anaesthetised or cardiac 
arrested rats or in rats whose blood pressuré did not rise in response 
to phasic abdominal compression. If the blood pressure rose during 
phasic compression, however, glucose in cardiac tissue was 11.4ymoles 
per gram. Glucose which is used to supply high energy phosphates for 
the constantly active cardiac muscle must be taken up directly from the 
blood or released from glycogen stores within the heart by glycogenolysis.
If glucose is not measurable in cardiac tissue then it must be presumed 
that there is no store of glucose in the muscle. The rate of glucose
uptake or formation must equal the rate of phosphorylation in the 
myocardial cells. The sudden appearance of glucose when the blood 
pressures of the animals rose during phasic compression suggests that 
glucose uptake or formation is increased above the capacity of the heart 
to phosphorylate it. The result is a more than adequate supply of 
glucose for aerobic energy production in the recovering heart.
Morgan ^  (1959) studied the effects of anoxia on the uptake
of glucose into isolated perfused rat hearts. They found that anoxia 
more than doubles the uptake of glucose from the perfusion fluid. The 
presence of insulin in the perfusion fluid doubled glucose uptake in 
anoxia compared to the same preparation without insulin. Neely et (1967)
also found that glucose uptake into the working perfused rat heart 
was fascilitated by insulin or by perfusion of the heart under anaerobic 
conditions. Glucose uptake was also fascilitated by increasing the 
right atrial or left atrial filling pressures. Penny and Cascarano (1970) 
perfused anoxic rat hearts with glucose to determine whether it would 
stimulate mitochondrial synthesis of ATP under anaerobic conditions.
Glucose in the perfusate increased significantly the ATP concentration 
in cardiac tissue and augmented appreciably the mechanical performance 
of the isolated heart. Weissler e t ^ .  (1968) recorded an improvement 
in the electrical and mechanical performance of the isolated anoxic 
rat heart if glucose was included in the perfusate. It also enhanced 
the recovery of the anoxic heart during reoxygenation. They also 
measured higher lactate levels in the myocardium of the glucose perfused 
anoxic heart than in the anoxic heart without glucose. Yang (1963) found 
that isolated rabbit atrial activity could be maintained in anoxia in the 
presence of glucose. Glycolytic inhibitors effectively inhibited this atrial 
activity so Yang concluded that contraction was maintained by energy
formed during the glycolytic breakdown of glucose.
Glucose can be released from glycogen stores within the myocardium 
under anoxic conditions. Fisher and Williamson (1961) found that 
perfusing the isolated rat heart with saline equililuated with 5% 
carbon dioxide in nitrogen caused complete disappearance of glycogen 
from the myocardium. Scheuer and Stezoski (1970) studied the effects 
of increased cardiac glycogen stores in anoxia on the isolated working 
rat heart. Glycogen stores were increased in the hearts by pre-treatment 
of the rats were reserpine. Hearts from reserpine treated rats had 
higher lactate production and left ventricular pressures during 
anoxia than did their non-treated counterparts. They concluded that 
high cardiac glycogen resulted in improved mechanical resistance of 
the heart to anoxia. Williamson (1966) found that glycogenolysis was 
stimulated in anoxia in the isolated rat heart. The increase in 
glycogenolysis was however less when the hearts were perfused with 
glucose. Neely et (1967) found that glycogenolysis in the isolated 
rat heart was significantly reduced when the perfusate glucose was 
increased. It appears therefore that both uptake of glucose from 
circulating blood and formation of glucose form glycogen occur in 
anoxia and are fascilitated by it; glucose uptake from the blood 
occurs in preference to glycogenolysis.
Glucose increased in the myocardial tissue of rats which recovered 
their blood pressures during phasic abdominal compression. This was 
the result of increased glucose uptake and formation. The glucose 
concentration was too low to measure in the group which was compressed 
but showed no rise in blood pressure. Glycogenolysis was probably 
occurring in the cardiac tissue but uptake of glucose from the coronary
circulation was probably inadequate to supply the extra glucose. The 
result was an inability to supply the glucose necessary to maintain 
cardiac mechanical activity.
6.3.10. Cardiac ATP
Cardiac ATP decreased significantly in the cardiac arrested 
group compared with the anaesthetised group. It recovered to 
anaesthetised levels if the blood pressure rose during phasic abdominal 
compression. If the blood pressure did not recover it remained at 
cardiac arrested levels. Aerobic ATP production fascilitated by 
increased cardiac glucose in the group whose blood pressure recovered 
raised the ATP after 10 minutes of phasic compression. Falling 
cardiac lactate concentrations (see Section 6.2.9) in the same group 
confirm the increase of aerobiosis and the decrease of anaerobiosis.
If the blood pressure did not recover ATP continued to be produced 
anaerobically (indicated by high cardiac lactate production) but ATP 
levels remained at only one fifth of that measured in anaesthetised 
rats.
Other workers have found similar results using anoxic cardiac 
preparations. Michal et (1959) killed dogs and measured ATP 
values in the heart up to 2 hours after cardiac arrest. They found 
a rapid decline in ATP during the first half hour. Coffman et £l_. (1960) 
measured ATP in the dog myocardium before and during anoxia and after 
reperfusion of the hearts. The dogs were maintained on an extacorporeal 
circulation throughout anoxia and reperfusion. Cardiac ATP decreased 
during anoxia but regenerated to control values when the hearts were 
reperfused. Scheuer and Stezoski (1968) studied the effects of anoxia
on ATP levels in the isolated rat heart. After 5 minutes of anoxia 
the ATP value had fallen to nearly one-half the pre-anoxic control 
value. However 10 seconds after reoxygenation the hearts had 
regenerated their ATP back to control levels.
In the present experiments, the ATP concentration of cardiac 
tissue of anaesthetised rats was measured as l.Qymoles per gram.
Cardiac ATP has been measured by other workers and has usually been 
higher than that recorded here. Coffman et (1960) measured a 
control value for ATP of 5.3ymoles per gram and Pool et (1966) 
measured ATP as 4.6ymoles per gram. The time taken to remove the 
hearts from the thorax before immersion in liquid nitrogen could 
account for the lower values obtained from this highly labile 
phosphate compound.
6.3.11. Cardiac PCr
Cardiac PCr decreased following cardiac arrest compared to the 
anaesthetised value. It did not recover significantly after 10 minutes 
of phasic abdominal compression. This was true no matter whether the 
blood pressure rose or not during compression. It should be expected 
that PCr would decrease between respiratory and cardiac arrest. This 
high enery source would be sacrificed to provide ATP for the anoxic 
cardiac muscle. The regeneration of PCr following cardiac arrest 
and phasic abdominal compression would be a slower process than 
the regeneration of ATP. PCr is a form of energy store which is 
secondary to ATP as an actual energy source. A major anoxic insult 
on the myocardium requires first a restoration of the primary energy 
source. Therefore PCr has not shown an increase following phasic
abdominal compression.
Gott e^ (1958) studied the effects of anoxia on PCr in dog 
hearts. They found that PCr dropped to low values 2 minutes after the 
onset of anoxia and at this point the strength of the myocardial 
contractions diminished considerably. The hearts continued to beat 
poorly for 5 minutes before cardiac arrest. Pool et (1966) 
measured PCr in dogs during cardiac failure induced by asphyxia. In 
most of the dogs PCr fell progressively as the left ventricular and 
diastolic pressures rose and the stroke work fell. However one third 
of the dogs showed no significant depression of PCr. Scheuer and 
Stenzoski (1968) measured PCr in isolated rat hearts during anoxia 
and subsequent reoxygenation. PCr fell to near zero levels after 5 
minutes of anoxia and recovered to two-thirds of its control value 
10 seconds after reoxygenation. Their preparation was essentially 
a Langendorf preparation since the hearts were perfused but were not 
working. The rise in PCr following reoxygenation may not have been 
so marked if the hearts had been working. Generally, other workers 
agree that PCr falls shortly after the onset of cardiac anoxia. The 
recovery of PCr following anoxia would depend upon the demand for 
ATP. The greater the demand the slower will be the recovery of PCr.
In the present experiments, the PCr concentration of cardiac 
tissue of anaesthetised rats was measured as 0.89ymoles per gram.
There does not seem to be agreement in the literature as to the 
concentration of PCr in the heart. Pool et (1966) found the 
control concentration of PCr to be 12.2ymoles per gram, Benson et al. (1961) 
measured it as 3.7ymoles per gram and Gangloff et (1961) found it 
to be O.lSymoles per gram. The concentration measured in the present
experiments is generally lower than that recorded by other workers.
The method of removal of the heart from the thorax in the present 
experiment necessitated a delay of up to 1 minute before the hearts 
were immersed in liquid nitrogen. Most of the measurements of cardiac 
PCr have been done on isolated hearts where the heart can be frozen 
while still attached to the perfusion apparatus. The time difference 
on such a labile compound as PCr could make a major difference to the 
control PCr value. Fawaz and Manoukian (1962) tried different methods 
of freezing the heart and measured the PCr concentration by each 
method. They froze the hearts of rats in situ with metal blocks 
precooled in liquid air and compared the results to those from hearts 
which were excised from the thorax and then placed in liquid air. The 
former method yielded a PCr value twice the value of the latter.
6.3.12. Cardiac sodium
The cardiac sodium was significantly higher in cardiac arrested 
rats than in anaesthetised rats. Phasic abdominal compression for 10 
minutes lowered the sodium value if the blood pressure rose, although 
it was not significantly lower than the concentration measured in 
cardiac arrested rats. If the blood pressure did not rise during 
compression the sodium concentration continued to rise significantly 
higher than the cardiac arrested value. The results indicate that 
sodium is moving from the plasma into the cardiac tissue during 
anoxia. If the blood pressure recovered the sodium movement was 
halted and reversed. If the blood pressure did not recover the 
movement of sodium into the cardiac tissue continued. Ravin et £]_. (1954) 
measured the electrolyte content of rat hearts following traumatic 
shock produced by tightening a tourniquet around the thighs of the
animals. They found that the cardiac sodium increased during shock 
but gradually decreased in the 12 hours following shock. Tissue 
anoxia can result in the depletion of high energy sources and the 
failure of the sodium pump.
6.3.13. Cardiac potassium
The cardiac potassium fell significantly in the cardiac arrested 
group compared to the anaesthetised group. The recovery of the blood 
pressure during phasic abdominal compression produced a rise in the 
cardiac potassium significantly higher than in cardiac arrested rats.
The failure of the blood pressure to rise showed only a further 
decline in potassium (although not a significant one) below cardiac 
arrested values. A significant amount of potassium was being lost 
from the cardiac tissue into the plasma at cardiac arrest. Potassium 
moved back from the plasma into the cardiac tissue if the blood pressure 
rose during compression. If the blood pressure failed to rise, 
potassium continued to be lost from the hearts. The results are 
consistent with those expected if anoxia were causing equilibration 
of intracellular and extracellular potassium due to the failure of 
the sodium-potassium pump. Sybers et (1971) studied the effects 
of severe hypoxia produced by ventilation of dogs with 95% nitrogen 
and 5% oxygen on cardiac potassium. They found that potassium was 
lost from the heart. Ravin et (1954) found a similar result 
during shock produced by tourniquet trauma in rats. They measured 
a decrease in potassium during shock but the concentration gradually 
increased during the 12 hour post-trauma recovery period.
6.3.14. Aortic lactate, ATP and PCr
Aortic lactate, ATP and PCr showed similar changes to cardiac
ATP and PCr. Compared to anaesthetised rats the aortic lactate 
rose and the ATP and PCr fell significantly in cardiac arrested rats. 
Phasic abdominal compression for 10 minutes produced no change in 
lactate from the value recorded in cardiac arrested rats. This 
was true no matter whether the blood pressure rose in response to 
compression or not. Aortic ATP and PCr both rose significantly 
during phasic compression compared to their concentrations in cardiac 
arrested rats. Unlike cardiac ATP and PCr, the aortic ATP and PCr 
concentrations recovered during phasic compression even if the blood 
pressures of the rats did not. Aortic lactate increases indicate an 
increase in anaerobic metabolism during cardiac arrest and recovery 
following phasic abdominal compression. ATP and PCr decreases at 
cardiac arrest are the consequences of anoxia on the meagre high 
energy phosphate reserves of aortic tissue. The increases in aortic 
ATP and PCr if the blood pressures of the rats rose during phasic 
compression are the result of reoxygenation of the arterial blood 
and renewed aerobic metabolism. The increases in ATP and PCr if the 
blood pressures did not rise during phasic compression are somewhat 
more puzzling. It is possible that the anaerobic production of ATP 
in the aorta was sufficient to replenish ATP and PCr reserves.
However, it is more likely that ATP and PCr were produced aerobically.
The POg measured directly from the aorta (see Section 6.2.1) in those 
rats whose blood pressure did not recover were significantly higher 
than in the cardiac arrested rats. It is possible that that degree 
of oxygenation was sufficient to raise aortic high energy phosphate 
concentrations in the absence of a blood pressure. Namm and Zucker (1973) 
studied the effects of hypoxia on the isolated rabbit aorta. A graded 
reduction in the oxygen tension of the medium surrounding the aortas
resulted in a graded decrease in aortic ATP and PCr levels. The
fall in PCr was correlated with a reduction in the contractile
tone at low oxygen tensions. They also found that lactate concentrations
rose as the PO^ was decreased. Shibata and Briggs (1967) measured
the mechanical activity of isolated strips of rabbit aorta during 
anoxia produced by aerating the strips with 95% nitrogen and 5% carbon 
dioxide. The strips contracted normally in anoxia in response to 
adrenaline if glucose were present in the bathing medium. The 
omission of glucose diminished the response of the muscle to adrenaline. 
It seems therefore that the mechanical activity of the aorta can be 
supported sufficiently during anoxia by anaerobic energy production.
CHAPTER 7
General Discussion
GENERAL DISCUSSION
7.1 Definition of death
The term 'death' is at best vague and without clear definition. It 
is a convenient tag however used by everyone from physicians to research 
scientists who are trying to define a point at which they do or do not 
begin resuscitation efforts. The general practitioner defines death as 
the absence of carotid and femoral pulses, heart beat, respiration and 
reflexes. There is also pupillary dilation and cyanosis (Hillman, 1972). 
The surgeon must use other criteria if he is to salvage living organs 
for transplanting. He pronounces a patient dead when there are no 
reflexes and the patient has no electroencephalographic (EEG) activity 
and must depend upon machines for support of the heart beat and 
respiration (Hillman, 1972). Research scientists on the other hand use 
a variety of definitions of death when working in the laboratory.
Redding and Pearson (1962) used cardiac arrest as their criterion for 
death in dogs following asphyxiation. They, however, defined cardiac 
arrest as a failure of the heart to maintain the blood pressure. Their 
definition of death does not include complete cessation of cardiac 
electrical activity. They managed to restore a spontaneous circulation 
in most dogs up to 10 minutes after circulatory collapse. Negovsky (1962) 
pronounced clinical death from exsanguination to begin immediately after 
respiratory arrest. He did not think it possible to fully restore the 
functions of the central nervous system after clinical death lasting 
longer than 7-8 minutes. Swann et (1953) called the onset of death 
the point at which the blood pressure fell to SOmmHg in dogs breathing 
100% nitrogen. They chose this point because they found that the dogs 
could not be resuscitated after that time by periodic oxygen inflation 
of the lungs. Ventricular fibrillation is considered to be death because
the heart is no longer supporting the circulation. Fibrillation can occur 
at any time along the continuum of the loss of vital functions which 
lead to cardiac arrest. A fibrillating patient will be considered as 
dead even though respiration and pulmonary reflexes may still be present 
at the onset.
Death in this thesis is defined as cardiac arrest. Cardiac arrest 
is the point at which the last depolarization of the ventricles occurs. 
Following ether overdose the autonomic excitatory stage of death 
(micturation, defaecation and a brief rise in blood pressure) occurred 
at respiratory arrest. Within 15 seconds of respiratory arrest autonomic 
activity was lost. The pupils dilated and the blood pressure completely 
collapsed. Circulatory arrest was defined as the time at which the 
blood pressure fell to zero; it happened 2.4 minutes after respiratory 
arrest. Cardiac arrest then occurred 3.2 minutes after circulatory 
arrest or 5.6 minutes after respiratory arrest. All efforts at cardio­
vascular assistance began 1 to 5 minutes after cardiac arrest.
7.2 Phasic abdominal compression
Phasic abdominal compression was applied with a blood pressure cuff 
at a pressure of lOOmmHg at a frequency of 240 cycles per minute to 1 to 
5 munute cardiac arrested rats. Phasic compression was used in preference 
to manual abdominal compression (see Section 4.1) or abdominal compression 
with neck constriction (see Section 4.2) because it restarted the hearts 
of 72% of the animals and it did not raise right atrial pressures high 
enough to damage the lungs as did abdominal compression with neck 
constriction; both right atrial and aortic pressures artificially induced 
by phasic compression were 16mmHg. Postmortem lung histology showed 
no evidence of the massive lung congestion and haemorrhage seen in rats 
treated with abdominal compression with neck constriction. Phasic
compression at a frequency of 240 cycles per minute and a pressure of 
IGOmmHg for 5 to 10 minutes did not injure anaesthetised rats.
Phasic compression applied to rats after respiratory arrest but 
before the last heart beat (approximately 4 minutes after respiratory 
arrest) produced an increase in the heart rate to its former normal 
rate. The blood pressure rose to lOOmmHg in 73% of the animals and 
73% of those returned to spontaneous respiration. Phasic compression 
was then applied to rats after 1 to 2 minutes cardiac arrest.
Noradrenaline was injected intraarterially just before the beginning 
of compression. Compression restarted the hearts of 86% of the rats 
studied and raised the mean arterial blood pressure of 56%. Finally, 
phasic compression was applied after 4 to 5 minutes cardiac arrest. 
Noradrenaline was also infused into this group of rats. The heart 
beat returned in 88% of the rats and the arterial blood pressure 
recovered in 55%.
Some rats were allowed to recover beyond the point where their 
blood pressures rose. They were given phasic abdominal compression 
after 1 to 5 minutes cardiac arrest. The heart beat returned in 86% 
of the animals. Spontaneous respiratory movements returned in 67% of 
those whose hearts restarted. Only 17% of the same group showéd a 
return of the blinking reflex and the kick reflex in response to pressure 
on the hind limbs. The others could not be successfully weaned from the 
respiration pump.
Phasic abdominal compression proved to be a useful method of 
cardiovascular assistance for animals which had been in respiratory 
arrest for 7 to 11 minutes and in cardiac arrest for 1 to 5 minutes.
The use of external phasic compression alone as a method of cardiovascular 
assistance of normothermic cardiac arrested animals is not referred to in
the literature. Soroff et (1972) used external counterpulsation 
synchronised with the R wave of the ECG. They applied both positive 
and negative pressures to patients suffering hypotension due to 
cardiogenic shock. The hearts of the patients were beating throughout 
the experimental procedure. Soroff et (1967) and Redding (1971) 
used external cardiac massage to assist the circulation of cardiac arrested 
dogs. They found that external counterpressure improved the recovery of 
the dogs but it was never used by itself to assist the arrested hearts. 
Lewis et £]_ (1972) studied the effects of external counterpressure
on abdominal haemorrhage in patients. The application of external 
pressure raised the mean blood pressure in patients whose blood pressures 
were previously unrecordable. The hearts of the patients had not 
arrested even though they were severely hypotensive. There is no mention 
of hearts being restarted or of heart rates increasing following the 
institution of external phasic abdominal compression.
Perhaps phasic abdominal compression could best be compared to 
external cardiac massage as a method for cardiovascular assistance.
Since the introduction of cardiac massage by Kouwenhoven et (1960) 
it has become the preferred and most widely used method of resuscitation. 
Jude et (1961) reported a 91% recovery rate with external cardiac 
massage in patients who had no basic underlying cardiovascular disease.
The patients were all in the operating theatre or recovery room and 
cardiac arrest was due to vasovagal stimulation, adverse reaction to 
anaethesia, or postoperative hypoxia. They were able to raise systolic 
pressures of 90 to IGOmmHg with 60 to 80 compressions per minute.
However, they also found that complications of the technique were 
fractured ribs, pneumothorax, liver rupture and fractured sternum.
Portal et (1963) observed that external massage was preferable to 
internal massage but was tiring and difficult to continue for more than
15 minutes. Ikram (1972) measured left atrial pressures during external 
cardiac compression and found them to be excessively high. He recorded 
pressures of over 120mmHg in the left atrium. A pressure that high in 
the left atrium could easily damage lung capillaries and decrease the 
chances of survival.
Phasic abdominal compression can restart hearts as can external 
cardiac massage; it requires more apparatus than external massage but 
could easily be applied in an ambulance at the scene of an accident by 
a relatively unskilled operator. There are no traumatic injuries 
associated with phasic compression that there are with external cardiac 
massage; only 2 rats out of all of those studied in this thesis showed 
liver lasceration which were a result of the placement of the cuff too 
high on the epigastriums of the animals. Phasic compression assures that 
there is an adequate venous return to the heart from pooled blood 
reservoirs in the abdomen. It has been shown by Dickinson and 
Seeker Walker (1970) that blood accumulates in the upper abdomen, 
probably in the liver, of dead rabbits. That blood pool can be moved 
by phasic compression to the thorax. Phasic compression does not raise 
the systolic pressure as does external cardiac massage. It raises the 
systolic pressure to 40mmHg while external cardiac massage can raise 
pressures of up to IGOmmHg even though it does so at the expense of a 
dangerously raised left atrial pressure. It seems that there is as yet 
no ideal method for cardiovascular assistance which can fulfill the 
complete function of the cardiovascular system. Phasic abdominal 
compression does restart the hearts and raise the blood pressure of 1 to 
5 minute cardiac arrested rats and has as many advantages as a method of 
cardiovascular assistance as does external cardiac massage.
7,3. Suggestions for future experiments
7.3.1. Synchronisation of phasic compression with the heart beat
Phasic abdominal compression could be improved technically so that 
it is more effective in assisting the anoxic heart. It was shown that 
the maximum rate achieved by restarted hearts following 1 to 5 minutes 
cardiac arrest was dependent upon the frequency of phasic compression 
(see Section 4.3.1). However those heart beats appeared to occur at 
random around the peak of the compression phase of abdominal compression. 
It should be possible to synchronise the positive pressure phase of 
compression so that it occurred during cardiac diastole. The system 
could not be used at the beginning of cardiovascular assistance because 
the hearts are not beating at that stage. However the pump could be 
locked in with the R wave of the ECG when the heart rate has reached 
200-240 beats per minute. This type of experiment could not be performed 
on rats unless equipment could be designed which could raise a pressure 
of lOOmmHg and release that pressure back to atmospheric pressure 300 
to 400 times per minute. This is essential because the normal heart rate 
of rats is within this range and one must expect to achieve normal heart 
rates before the experiment is completed. A sensible approach would be 
to attempt synchronisation of phasic compression with the hearts of 
other animals such as dogs which have a slower normal heart rate. If the 
positive pressure phase of phasic compression could be programmed to 
occur during cardiac diastole then the coronary circulation would be 
more effectively perfused; the release of external pressure during cardiac 
systole would reduce the pressure against which the ventricles had to 
contract. Synchronous pulsation of the extramural pressure has already 
been described by Dennis et _al- (1963). It has been applied to dogs 
following experimental cardiogenic shock and normal dogs and human
volunteers by Birtwell et (1965, 1970) and Ruiz et (1968). It 
has been shown to effectively reduce left ventricular work and increase 
diastolic perfusion of the coronary circulation. Synchronisation could 
therefore improve the chances of survival of animals given phasic 
abdominal compression following cardiac arrest.
7.3.2. Recovery of the central nervous system following phasic compression
The rats in the present study did not recover sufficiently to observe 
what damage may have been done to the central nervous system, especially 
in those rats who had been hypoxic for 10 minutes. Autonomic function, 
demonstrated by pupillary constriction and retention of vascular tone, 
returned in 69% of the animals (see Section 5.2.5). The return of 
spontaneous respiratory movements in 54% showed that there was some 
medullary activity present. The failure of most of the animals to be 
adequately weaned from the respiration pump was considered to be, in 
major part, a technical problem. The respiratory pump was usually 
removed form the animals within 5 minutes of the return of spontaneous 
respiration. The return of respiration in sufficient strength and 
frequency to support the oxygen demands of the recovering rat is no doubt 
a slow process. Negovsky (1972) advocates continuing artificial respiration, 
even in the presence of spontaneous respiration, until consciousness is 
regained and full respiratory function restored. He found that the 
efficiency of lung ventilation was low after prolonged periods of 
clinical death. Had artificial respiratory support been continued in 
the present experiments then a higher degree of recovery may have been 
attained. However, the major surgery performed on the rats greatly 
reduced the chances that they could have recovered to their full potential.
One of the major problems associated with resuscitation from a 
severely hypoxic state is the possibility that the patient will have
suffered permanent cerebral damage. Phasic abdominal compression could 
not be assessed in the respect because of technical and surgical 
difficulties encountered. Perhaps the next step is to develop the 
recovery technique further and measure the damage to the central nervous 
system. Negovsky (1962) has concluded from his experiments that the 
upper limit of the resistance of nerve cells to anoxia in 7 to 8 minutes 
of clinical death (7 to 8 minutes after respiratory arrest in exsanguination 
animals). Brierley (1963) described the neuropathology of pa.tients who 
survived circulatory arrest but nevertheless had severe brain damage.
He found severe damage in the cerebral cortex with a decrease in the 
number of neurones in that area. Even though the limit for full recovery 
following cerebral anoxia is usually set at 4 to 5 minutes there are cases 
of complete recovery of neurological function after anoxia of twice that 
duration (Stephenson, 1969). It is, therefore, worthwhile to consider 
testing for central nervous system recovery in rats following phasic 
abdominal compression. Wolin e t ^ .  (1972) and Gurvitch et aJ . (1972) 
have both defined techniques by which cerebral damage following hypoxia 
can be defined. Wolin used a series of psychological tests given before 
and after hypoxia to quantitate brain damage in monkeys. They found 
evidence of brain damage using their method in the majority of the animals 
studied. Gurvitch et ajy (1972) found a relationship between alterations 
in the mean amplitude of the high-frequency component of the EEG and 
changes in the structure of the cerebellum and cerebrum in dogs. They 
were able to quantify the brain damage in animals following short periods 
of circulatory arrest. Perhaps the above tests could be applied to 
animals following phasic abdominal compression to further assess the 
damage done by 1 to 5 minutes of cardiac arrest.
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